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With expected mass production of fullerenes due to their special properties and various 
applications, understanding the fate of fullerenes in natural and engineered water 
environments is imperative for the proper assessment of ecotoxicity and potential human 
health effects of these carbon based nanomaterials.   
 
This research address the outstanding questions closely related to the fate of 
fullerenes in natural and engineered water environments.  Specifically, this research is 
focused on investigating 1) the stability of fullerenes in the natural water, 2) interaction 
between fullerenes and natural organic matter (NOM) and 3) behavior of fullerenes in the 
conventional water treatment system.   
 
The experimental results show that multi-walled nanotubes (MWNT) were readily 
dispersed as an aqueous suspension in both model NOM (Suwannee River NOM 
(SRNOM)) solutions and natural surface water (actual Suwannee River water with 
unaltered NOM background) and MWNT remained stable for over one month.  
Microscopy analyses suggested that the suspension consisted primarily of individually 
dispersed MWNT.  The concentration of MWNT in NOM background solution could be 
successfully measured by thermal optical transmittance (TOT) analysis.  For the same 
initial MWNT concentrations, the concentrations of suspended MWNT in SRNOM 
solutions and Suwannee River water were considerably higher than that in a solution of 
 xiv 
1 % sodium dodecyl sulfate, a commonly used surfactant to stabilize carbon nanotubes 
(CNT) in the aqueous phase.   
 
The effect of NOM characteristics and water quality parameters on NOM 
adsorption to MWNT was investigated with isotherm experiment.  The experimental 
results fitted well with a modified Freundlich isotherm model that took into account of 
the heterogeneous nature of NOM.  Experiments performed with various NOM samples 
suggested that the degree of NOM adsorption was proportional to the aromatic carbon 
content of NOM.  The NOM adsorption to MWNT was also dependent on water quality 
parameters: adsorption increased as pH decreased and ionic strength increased.  As a 
result of NOM adsorption to MWNT, a fraction of MWNT formed a stable suspension in 
water, the concentration of which depended on the amount of NOM adsorbed per unit 
mass of MWNT.  The amount of MWNT suspended in water was also affected by ionic 
strength and pH.   
 
Dispersion of representative fullerenes such as C60, single-walled carbon nanotube 
(SWNT), and multi-walled carbon nanotube (MWNT) in the aqueous phase containing 
SRNOM was investigated.  Four dispersion methods were tested (i.e., mechanical mixing 
or sonication after either adding solid phase fullerenes into the aqueous phase or 
contacting organic phase containing fullerenes with the aqueous phase) to simulate 
possible spillage scenarios to the aqueous environment.  The experimental results showed 
that MWNT formed water stable suspensions by the mechanical mixing and sonication 
and SWNT by the sonication, only when they were added as solids directly to water 
 xv 
containing NOM.  C60 formed water stable colloidal suspensions in all cases except when 
solids were added to water and ultrasound was applied.  In most cases, the presence of 
NOM facilitated the fullerene dispersion in the aqueous phase.   
 
The removal of representative fullerenes in conventional water treatment process 
was investigated.  Jar tests were performed with MWNT, C60, and fullerol suspended in 
the aqueous phase.  Effect of the presence of NOM and water quality parameters such as 
pH and alkalinity were also assessed.  The experimental result suggested that in the 
scenario of the fullerene spillage in water environments, the fullerenes would be 
generally well removed by the conventional water treatment process.  The removal of the 
carbon nanomaterials was hindered by the presence of NOM and water quality 

















Fullerenes are the third allotropes of carbon, which have the structure similar to a 
graphene but contain pentagon rings as well as hexagon rings to produce three 
dimensional structures such as spheres (e.g., C60 and C70) and tubes (e.g., single walled 
carbon nanotubes (SWNT) and multi-walled carbon nanotubes (MWNT)).   Sphere 
shaped fullerenes, commonly called buckyballs, have nano-sized cage-like structure and 
are composed of combinations of pentagons and hexagons [1].  Carbon nanotubes (CNT) 
consist of the sheets of covalently bonded carbon atoms in hexagonal arrays that are 
seamlessly rolled into a hollow cylindrical shape with at least one side capped with a 
hemisphere of the buckyball structure [2].  CNT have extremely high aspect ratio with 
diameters ranging from 1 to 200 nm and length from 10 to100 micrometers.  CNT are 
categorized into two main species; single-walled nanotube (SWNT) and multi-walled 
nanotube (MWNT).  The latter results from co-axial assembly of multiple SWNTs.  
Fullerenes are being considered for extensive range of applications due to their 
exceptional physical, chemical and electro-optical properties [3] and demands and 
productions of the fullerenes are expected to rapidly grow during the next decade [4].   
 
However, concerns have raised due to the recent findings that fullerenes can 
interact with living organisms and cause toxic effects that are unique to this class of 
materials.  For instance, SWNT showed higher pulmonary toxicity than quartz, a well 
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known industrial hazards [5] and C60 showed cytotoxicity inhibiting cell growth [6].  
Such findings carry an additional significance as fullerenes have been found in particulate 
matter emitted from coal-fueled power plants [7], common fuel-gas combustion source 
[8], and even in nature [9], although sporadically in small masses. 
 
Despite the possible toxicological and environmental effects of the fullerenes, 
limited research has been performed on the fate and the transport of the fullerenes in 
aquatic environments, mainly due to their extremely hydropphobic nature.  However, 
recent studies show that C60 can exist as nano-scale aggregates in aqueous phase [6] and 
facile dispersion of CNT in aqueous phase can be achieved by the addition of surfactants 
and polymers such as sodium dodecyl sulfate (SDS) [10], sodium dodecylbenzene 
sulfonate (NaDDBS) [11], and polyvinyl pyrrolidone (PVP) [12].  These results 
suggested the possibility that these carbon based nanomaterials, which were not generally 
considered as a potential contaminant, can be dispersed in aquatic environments with 
unexpected level by the interaction with organic materials existing in the natural system.  
Therefore, understanding the behavior of fullerenes in natural and engineered aquatic 
environments is imperative for accurate assessment of ecotoxicity and ultimate human 
health effect of these carbon based nanomaterials.   
 
This research addresses several outstanding questions on the fate and the transport 
of fullerenes in natural and engineered environments such as whether fullerenes can form 
stable dispersion in the aqueous phase, how the concentration of fullerenes in the natural 
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water can be measured, what type of interaction would occur between NOM and 
fullerenes, and what is the behavior of fullerenes in conventional water treatment system.   
 
The first objective of this study was to verify MWNT stabilization, as an aqueous 
suspension, in both synthetic solutions containing model NOM (Suwannee River natural 
organic matter (SRNOM)) and natural surface water with high NOM background 
(Suwannee River), and to develop a method to quantify MWNT suspended in NOM 
solutions based on thermal optical analysis (Chapter 2).   
 
The second objective of this study is evaluating the dispersion of the fullerenes 
under different spillage scenarios to water body, (i.e. the spillage of solid phase fullerenes 
or fullerenes dissolved in common organic solvents) and understanding the role of NOM 
on fullerene dispersion under these scenarios.  For the purpose, a systematic, comparative 
investigation on the dispersion of representative fullerenes, C60, SWNT and MWNT, in 
model natural waters was performed.  Different spillage scenarios were simulated by 1) 
applying either mechanical mixing or sonication after directly adding solid phase 
fullerenes into the aqueous phase and 2) applying either mechanical mixing or sonication 
after contacting organic solvent containing fullerenes with the aqueous phase.  SRNOM 
was used as a model NOM and sodium dodecylsulfate (SDS), an anionic surfactant 
commonly used for the fullerene dispersion, was used for a comparison purpose (Chapter 
3). 
 
The third objective of this study was to investigate the effect of NOM 
characteristics and water quality parameters on adsorptive interaction between MWNT 
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and NOM in water.  Specifically, the characteristics of NOM adsorption to MWNT was 
studied from batch isotherm experiments, which were performed with various NOM 
samples under different pH and ionic strength conditions.  The experimental result was 
analyzed using Freundlich isotherm model and critically compared to the adsorption of 
activated carbon.   Finally, the amount of stable MWNT suspension formed in water as a 
result of NOM adsorption under varying conditions was quantitatively analyzed (Chapter 
4).    
 
 
Finally, jar tests were performed using C60 and multi-walled carbon nanotubes 
(MWNT) as model fullerene compounds to investigate the behavior of water-stable 
fullerene suspensions in the drinking water treatment process.  The effect of the existence 
of natural organic matter (NOM) and water quality parameters such as pH and the 
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Structure and Formation of Fullerenes 
 
Fullerenes are the third allotropes of carbon, which have the structure similar to graphene 
but contain pentagon rings as well as hexagon rings to produce three dimensional 
structures such as spheres (e.g., C60 and C70) and tubes (e.g., carbon nanotubes (CNT)).  
CNT consist of sheets of carbon atoms covalently bonded in hexagonal arrays that are 
seamlessly rolled into a hollow, cylindrical shape with both ends rounded through 
pentagon ring inclusions [1].  They present a highly flexible thread-like structure having 
an extremely high aspect ratio with the diameter ranging from 1 to 200 nm and the length 
from 0.1 to 100 µm [2].  Hence, CNT represent a mixture of molecules with different 
lengths and carbon arrays.  CNT are categorized into two main species based on their 
molecular structures; single-walled carbon nanotubes (SWNT) and multi-walled carbon 
nanotubes (MWNT), where MWNT form from the co-axial assembly of multiple SWNT.   
 
Since Iijima et al. [1] first identified CNT from carbon soot deposited on an 
electrode during the direct current arc discharge experiment, several methods have been 
suggested to synthesize CNT.  Generally, the methods can be classified into two 
categories based on the temperature they are synthesized; high temperature methods and 
low temperature methods [3].  High temperature methods use electric arc discharge, laser 
 8 
beam, or solar energy to provide energy high enough to sublime graphite while low 
temperature methods are based on catalytic chemical vapor deposition (CCVD).   
 
In the arc discharge method, from which Iijima et al. [1] first discovered CNT, arc 
discharge is allowed to two graphite electrodes to raise the temperature up to 6000
o
C.  In 
this high temperature and under a partial pressure of helium or argon, carbon in the 
electrodes sublimes to form plasma.  The carbon plasma finally accumulates on the cold 
cathode to form CNT.  The original apparatus of Iijima et al. produces MWNT, but types 
of CNT are determined by metal catalysts, i.e., MWNT are formed in the absence of 
catalysts while SWNT are produced in the presence of catalysts such as Fe, Co, Ni or rare 
metal [3].  Laser ablation method, which was originally devised to produce C60 [4], can 
be also utilized for the production of CNT.  Similar to the arc discharge method, the laser 
ablation method sublimes carbon in the electrodes under low pressure inert gas 
atmosphere, while it uses pulsed laser [5, 6] or continuous laser [7] to obtain high energy 
for carbon sublimation.  Due to the similarity in principles, the structure CNT produced 
by the laser ablation method is similar to those produced by the arc discharge method [3].   
 
CNT can be produced at moderate temperature range (800-1200oC) from catalytic 
chemical vapor deposition (CCVD) method [8].  CCVD utilizes catalytic reaction of 
carbonaceous gas to grow nanotubes, in which carbonaceous gas decomposes on catalysts 
and forms graphitic carbons [8].  Carbonaceous gas can be either CO or hydrocarbons 
such as C2H2, CH4, C6H6 and it is generally applied in the reactor with inert gas such as 
Ar, He, and N2 which act on the hydrodynamic parameters or modify thermodynamic 
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conditions [3].  Type of metal catalysts and ambient conditions of synthesis can be 
important factors to determine the types of CNT.  Fe, Co, and Ni [9-11] have been 
frequently used for the MWNT synthesis while bimetallic catalysts such as Fe/Mo, 
Co/Mo, and Fe/Mo [12, 13] or organometallic precursors (FeCO5) [14, 15] have been 
utilized for the SWNT synthesis.  In the CCVD, MWNT are favorably produced at 
relatively low temperature range (600-800
o
C) , while SWNT are favored at high 
temperature (1000-1200
o
C) [3].   
 
C60 consists of 60 carbon atoms arranged in 20 hexagons and 12 pentagons that 
form a perfectly symmetrical cage structure of a soccer ball with ca. 1 nm size [4].   C60 
molecule follows Euler’s theorem where each fullerene consists of 12 pentagons and M 
hexagons containing 2(10+M) carbon atoms [16].  Similarly arranged, other carbon cage 
structures such as C70, C76, C78, C84, and C90 have been also identified [17].  Each carbon 
atom is bonded to 3 other carbon atoms to form sp2 hybridization and, consequently, 
entire C60 molecule is surrounded by π electron clouds[18].  C60 has 2 different types of 
bonds; 6:6 bond which located in between two hexagon rings and 6:5 bond which located 
in between a hexagon ring and a pentagon ring and 6:6 bonds are considered as double 
bonds having shorter bonding length than 6:5 bonds [18].   
 
C60 molecule was first found in 1985 by Kroto et al. [4] from the ablation of a 
graphite with energetic pulsed laser.  However, mass production of these carbon based 
nanoparticles was not possible until Kratchmer et al. [19] succeeded in synthesizing C60 
by resistive heating method.  In the method, two graphite rods, which were produced by 
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compressing (at about 1 kbar) and heating (at about 1300°C) carbon powder, are 
evaporated in a glass evaporator filled with less than 100 torr of Helium at high 
temperature (more than 3200oC).  The resistive heating method allows for an electrical 
current across the two rods by maintaining contact of two graphite rods by a spring 
mechanism.  Carbon vapor produced by the resistive heating method reorganized to form 
black soot which contains ca. 8% of C60 and C70.  Thus formed black soot could be 
collected on the cold surfaces and dispersed in organic solvent such as benzene [19].  
Instead of resistive heating, arc discharge could be adopted to provide the graphite with 
high energy to make it evaporate and eventually form C60 [3].  C60 could be synthesized 
from high temperature combustion of hydrocarbons such as benzene, naphthalene, and 
acetylene under optimal atmospheric conditions [20-23].  The method is fundamentally 
different from the resistive heating or the arc discharge method in that, instead of graphite, 
it utilizes hydrocarbons as initial carbon sources.  In the method, fullerenes can be formed 
from the pyrolysis and the subsequent rearrangement of hydrocarbons [22].  Howard et al. 
[23] combusted benzene at ~1800
o
C under argon and oxygen mixed atmosphere and 
found that he mass of  C60 and C70 mixture consists of 0.003-9.0% of total mass of soot 
generated from the combustion.  Based on the initial carbon fuel basis, up to 0.3% yield 
of C60 and C70 mixture could be obtained at a pressure of 20 torr and a carbon oxygen 
ratio of 0.995 with 10% argon.  The combustion method made continuous production of 
C60 possible [21] and the current C60 mass production process has developed from the 
modification of the method [24].   
 
Solubility of Fullerenes in Aqueous Phase 
 11 
 
Solubility of fullerenes in the aqueous phase is an important factor to predict the eventual 
fate of the carbon based nanomaterials in the water environment.  Due to its extremely 
high hydrophobicity and large molecular size, CNT cannot be independently dispersed in 
water without the modification of their chemical structure or the assistance from foreign 
chemical compounds.  Several approaches were suggested to produce stable CNT 
suspensions in the aqueous phase.  
 
First, CNT can be chemically modified to include hydrophilic functionalities by 
derivatization reaction.  Thus induced functional groups can significantly increase the 
stability of CNT in the aqueous phase [25-27].  Acid treatment is one of the popular 
methods to derivatize carbon nanotubes.  HNO3, H2SO4, and HNO3/H2SO4 mixture are 
commonly used acids for the treatment [8, 28, 29].  The acid treatment usually performed 
in combination with thermal oxidation or ultrasonication and it generally leads to the 
induction of carbonyl, carboxylic and hydroxyl functional groups at the end caps of CNT 
[8, 29].  For instance, Zhao et al. [27] proposed a method to produce carboxylated SWNT 
from the treatment of SWNT with concentrated sulfuric acid followed by up to 5 min. of 
sonication.  The stability of the modified SWNT appeared to be due to the electrostatic 
repulsion between deprotonated carboxylic functional groups.  As a result, the stability of 
SWNT largely depended on pH.  For example, at pH less than 3 CNT aggregates formed 
within minutes.  Fluorination is also a common way to functionalize CNT and F2 gas 
reacted with CNT is known to lead to side-wall derivatization [30, 31].  However, in the 
derivatization process disruption of the chemical structure of CNT associated with the 
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formation of new covalent bonds in the graphene sheet can result in the loss of unique 
CNT characteristics.   
 
Second, CNT can be stabilized in water from non-covalent surface coating by 
surfactants and polymers [32-37], which can effectively shield the hydrophobic surface of 
CNT to provide thermodynamically more favorable surface in water as well as steric or 
electrostatic repulsions which prevent aggregation of CNT.  Surfactants and polymers 
frequently used for this purpose include sodium dodecyl sulfate (SDS) [38], sodium 
dodecylbenzene sulfonate [32, 33], Triton X-100 [32, 34, 35], polyvinyl pyrrolidone [36],  
polystyrene sulfonate [36], and hydrolyzed poly(styrene alt-maleic anhydride) [37], 
poly(vinyl alcohol) [39], amylase [40], or poly(ethylene oxide) [41] among others.  
 
C60 is extremely hydrophobic and its solubility in water is very low (< 10
-12
 g/L) 
[42].  Similar to CNT, aqueous solutions of molecular C60 can be produced by 
derivatization of hydrophilic functional groups [43] or applying surfactants or polymers 
(e.g., polyvinyl pyrrolidone (PVP)) which can shield hydrophobic surface of C60 [44-46].  
However, disruption of the chemical structure of C60 or the existence of impurities (e.g, 
surfactants and polymers) can prevent wider usage of this novel carbon nanomaterial.   
 
Upon extended contact with water, C60 is known to form negatively charged water 
stable aggregates, commonly called nC60 or nano C60 [47-49].  nC60 has much higher 
solubility (ca. 150 mg/L) in water compared to molecular C60 and is known to be the 
most relevant form of C60 in the environment [49].  Hence, in the episodes of spillage of 
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C60 powder or C60 dissolved in organic solvents, it is most likely that nC60 can be 
produced [50].  Scrivens et al. [47] first suggested a solvent exchange protocol to produce 
water stable nC60 aggregates (nC60).   The method begins with toluene containing 
dissolved C60 and diluting in series into THF, acetone and water.  Finally, a yellow 
colored nC60 suspension was formed in water.  After the first successful production of 
nC60, several methods have been suggested to produce stable nC60 suspension in aqueous 
phase.  Tetrahydrofuran (THF)/nC60 method was suggested by Deguchi et al. [48] and 
modified by Fortner et al. [49].  In the method, powder C60 was first dissolved in THF up 
to saturation concentration (9 mg/L).  After filtering the solution to remove any 
undissolved particles, the solution was stirred vigorously while an equal volume of water 
was added at a constant rate.  During the process, C60 transported to the water phase and 
formed nC60.  THF was then removed by a rotary evaporator to obtain nC60 solution.  
Aqueous suspension of nC60 (ca. 3-5 mg/L C60) produced by this method showed yellow 
or brown color and stable for a long period.  nC60 also could be obtained by sonication of 
C60 dissolved in toluene [44].  DI water was added to toluene solution and then layered 
solutions were sonicated until all toluene was evaporated.  Thus formed brown C60 
suspension was filtered to remove suspended particles.  Recent study by Chen et al. [51] 
shows that C60 can be produced by extended (2-4 weeks) high shear mixing of powder 
C60 with deionized water.  Even though it produced a broader size range of aggregates, 
nC60 generated from this method showed similar chemical and physical properties with 
those prepared by other methods.  The formation of nC60 from the extended mixing 
confirms that nC60 is the most environmentally relevant form of C60. 
 
 14 
Spectroscopic Analysis of Fullerenes in the Aqueous Phase 
 
Raman, Near IR (NIR) absorption, and fluoroscence spectroscopies are three main 
methods to study the molecular properties of CNT as well as their interaction with 
molecules in the aqueous phase.  Raman spectroscopy can provide important information 
on physical and electrical properties of CNT.  The radial breathing modes (RBM) are 
generally seen in the 100-500 cm
-1
 range of Raman shift and arises from the radial 
motion of the carbon atoms [52].  Diameter of SWNT is known to be inversely 







where νRBM is RBM frequency in cm
-1
, and d is tube diameter in nm.  G-band can be 
observed in the 1500-1600 cm
-1
 region of Raman shift and results from the tangential C-
C stretching vibrations both longitudinally and transversally on the CNT axis [54].  The 
shape of the G-band is different based on the electronic identity of CNT (i.e.,  metallic 
versus semiconducting) [55].  D-band also known as the disorder peak can be seen in the 
1300-1400 cm
-1
 region. This peak results from the defects in sp
2
 carbons [55].  The 
strength of the peak is related to the amount of disordered graphite and the degree of 
conjugation disruption in the graphene sheet [55].   The strength of adherence of the 
polymer or surfactant chains to CNT through hydrophobic interaction can be seen from 
Raman spectra [56].  Generally, RBM peaks for CNT shifts to higher Raman frequencies 
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when they are coated with polymers or surfactants [56].  The higher frequency of Raman 
peaks results from the hydrophobic and van der Waals attraction forces between the 
polymer and the graphite sheet, which would increase the energy necessary for the 
vibrations [56].   
 
SWNT shows absorption spectrum at NIR region due to the electronic transition 
between valence and conduction bands [57].  Three electronic transitions in SWNT 
includes: the first semiconducting transition (S11) at ca. 0.7 eV, the second 
semiconducting transition (S22) at ca. 1.2 eV, and metallic transition (M11) at ca. 1.8 eV 
[57].   The NIR absorption study can give important information on the electronic 
properties of semiconducting SWNT (e.g., band gap) as well as the interaction between 
other molecules and nanotubes [57].   Since O’conell et al. [38] first found 
photoluminescence of SWNT surrounded by sodium dodecylsulfate (SDS) micelles in the 
aqueous phase, photoluminescence spectroscopy has been widely adopted to analyze the 
effect of surfactants and polymers adsorbed on the SWNT surfaces on the electronic 
structure of nanotubes [57].  A recent comparative study by Moore et al. [58] revealed 
that the interband electronic transitions in photoluminescence was very sensitive to the 
types of surfactants and linear relationship existed between the spectral shift of 
photoluminescence and fluorescent yield.  In the same study, polymers adsorbed on CNT 
generally brought a downshift of photoluminescence peaks by 70 to 200 cm
-1
. This result 
indicates that the polymers surrounding the SWNT generate a more polarizable 
environment, which in turn results in changes in the excitation binding energies. 
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C60 can be characterized using various spectroscopic methods such as UV-vis, IR, 
and nuclear magnetic resonance (NMR) analysis.  Water stable aggregates of C60 (nC60) 
suspension shows characteristic peaks at 227, 280 and 360 nm in UV-vis spectra [47]. 
However, the shift of the characteristics peaks depends on solvents.  For instance, UV-vis 
spectra of C60 dissolved in hexane exhibits blue shift from those in water, showing 
characteristic peaks at 211, 256, and 328 nm [59].  The nC60 suspension also 
demonstrates four characteristic IR absorption bands at 1,429, 1,183, 577 and 528 cm
-1
, 
which correspond to four bonding structures (i.e., C-C(pentagon bond), C=C(hexagon 
bond), C-C=C(angle) , and C-C-C(angle)) [60].  The IR spectrum indicates highly 
symmetrical icosahedral molecular structure of C60.  The IR spectrum of nC60 is 
consistent with those of molecular C60, confirming chemically unaltered nature of nC60 
[60].  
13
C NMR study of C60 shows ca. 143 ppm shift from a tetramethylsilane ((CH3)4Si) 
reference, confirming icosahedral structure of C60 and exact equivalency of carbon atoms 
[59]. 
 
Properties and Usages 
 
Fullerenes are being considered for a range of applications due to their exceptional 
mechanical, electro-optical, and thermal properties [61, 62].  Examples of such properties 
include: low threshold emission fields and the excellent emission stability [2, 63, 64]; 
hydrogen adsorption (storage) capacity [65, 66];  high tensile strength and elasticity [67]; 
and electronic sensitivity in different chemical environments [68-71].   
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Field emission phenomenon of CNT has been first found by Rinzler et al. [63] 
and CNT is known to have right properties to become a good field emitter such as 
nanometer size diameters, good electrical conductivity, structural integrity, and chemical 
stability among others [2].  Materials with electron field emission, where electron near 
the Fermi level escapes to vacuum upon subject to a high electric field, can be used for 
the production of flat panel displays, electron guns in electron microscopes, and 
microwave amplifiers [2].  For the industrial application, field emitters necessitate low 
threshold emission fields and stability at high current densities.  Threshold emission 
fields of SWNT ranged from 2-3 V/µm for a current density of 10 mA/cm
2
, while those 
of MWNT ranged form 3-5 V/µm for the same current density [72].  These values are 
significantly lower than conventional field emitters such as Mo or Si tips, which show 
threshold value of 50-100 V/µm for a current density of 10 mA/cm
2 
[2].  CNT also 
exhibit a capability to achieve stable emission of higher electron current densities (>20 
mA/cm
2
) [64].  With these low threshold emission fields and the good stability, the CNT 
emitter has advantage over conventional emitters. 
 
Materials with high hydrogen storage capacity are essential for the development 
of energy storage devices.  CNT have been reported to have very high but reversible 
hydrogen adsorption capacity, ranged from 4 to 10 wt. % of H2 depending on ambient 
temperature and pressure [2].  This hydrogen adsorption capacity is considered to be due 
to the capillary effect, which originated from the cylindrical and hollow structure and the 
nano-size diameter of SWNT [73].  A study using 0.1-0.2 wt % SWNT showed that 
SWNT have 5-10 wt. % of hydrogen storage density [65].  Another study on higher 
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purity SWNT showed ~8 wt. % hydrogen adsorption at 80 K and rather high pressure of 
100 atm [74].  This high level of hydrogen adsorption capacity is expected to meet or 
exceed the benchmark of 6.5 wt % H2 to system weight ratio set by US Department of 
Energy, promising future usage in hydrogen storage devices [2].   
 
CNT are known to have exceptionally high stiffness and axial strength mainly due 
to their seamless cylindrical graphite structure [75].  For instance, Treacy et al. [75] 
showed that SWNT have Young’s modulus of 1.8 TPa.  The modulus is 2 to 3 times 
higher than that of carbon fibers, which have been frequently used to produce reinforced 
composites.  Theoretical estimation showed that Young’s modulus of SWNT can reach 
up to5 TPa depending on the diameter and structure of CNT and CNT can be a promising 
filler material of polymer composites to reinforce the strength and stiffness replacing the 
traditional carbon fibers [2].  
 
Due to small size, high conductivity, high mechanical strength and flexibility, 
CNT can be used as nanoprobes and nanosensors.  Wong et al. [76] attached MWNT to a 
cantilever of scanning probe microscope to obtain the image of biological molecules.  
Due to smaller radii of MWNT and flexibility of MWNT, MWNT tip could provide the 
high resolution images of fibril and protofibril which could not be obtained by 
conventional Si or metal tips.  Kong et al. [68] found that the electrical conductance of 
SWNT changes upon exposure to different gaseous molecules such as NO2, NH3, and O2.  
Therefore, the presence of different gas molecules could be detected by monitoring 
change in the electric conductance of the nanotubes [68, 70, 71].  The nanotube-based 
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sensors showed at least one order faster response time compared to the ones based on 
currently available technology (solid state metal oxide and polymer) [68].  
 
Due to its good affinity to the organic compounds, C60 and its derivatives can be 
used for the chemical sensors or adsorbents of chemical contaminants [77, 78]. C60 and 
their derivatives can be coated on the surface of some chemical sensors such as quartz 
crystal microbalance (QCM) [78].  QCM has piezoelectric crystals which are very 
sensitive to the change of mass in the surface.  The sensor coated with C60 and their 
derivatives was used to detect organic molecules using the change of the oscillating 
frequency of the piezoelectric crystal [78].  Fullerene polymer-like material C60Pdn shows 
good adsorption capacity toward volatile aromatic carbons such as toluene, xylene, 
mercaptan, and formaldehyde in air and this result implies that fullerene can be used for 
the removal of harmful gases from living environment [77].      
 
 Medical and biological application of fullerenes also has been widely studied.  C60 
are considered to have a high potential for the drug delivery system since they can be 
multifunctionalized, act as drug adsorbents and form particles in nano-scale [79].  For 
instance, methanofullerene, a derivatized form of fullerenes, was conjugated to paclitaxel 
and used for the slow released drug delivery system and the conjugate injected into tissue 
cultures showed significant anti-cancer activity [80].  In another study [81], nanoparticles 
containing C60 were applied for the delivery of erythropoietin to the small intestine and 
the use of C60 in the nanoparticles significantly enhanced the bioavailability of 
erythropoietin.  C60 derivatives can be used as the antibacterial and antiviral agents.  For 
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instance, C60 derivatized with amine functional groups inhibited the growth of 
Escherichia Coli., presumably from the inhibition of respiratory chain [82].  C60/PVP 
composites exhibited the inhibition of influenza virus type A, influenza virus type B, and 
herpes simplex virus [83].  Inhibition of HIV proteases seemingly resulted from the 
hydrophobic interaction of C60 derivative with the active site of enzyme [84].  However, 
the exact mechanism involved in antimicrobial and antiviral inhibition is not well 
elucidated. 
 
With increasing commercial interests and industrial scale production facilities 
currently under construction [85], fullerene supply and demand, by all accounts, are 




Despite the expected rapid growth in CNT and C60 production, information to assess the 
human health effects of the carbon nanomaterials is not sufficient.  However, concerns 
have risen due to the recent findings that fullerenes can interact with living organisms 
causing toxic effects that are unique to this class of materials [61, 88-91].   
 
The first comparative toxicity study of SWNT was performed by Lam et al. [91] , 
where carbon black and quartz used as low and high pulmonary toxicity controls, 
respectively.  After 7 and 90 days of exposure to SWNT, which have produced by 
various methods and containing different amounts of metal catalysts, all SWNT induced 
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dose-dependent formation of granulomas in rodents.  Based on the study, Lam et al. 
concluded that SWNT have higher toxicity than quartz, under their experimental 
conditions and the same weight-basis.  Warheit et al. [90]  also observed formation of 
pulmonary granulomas in rodents following the exposure to SWNT and the formation of 
granulomas was appeared to be due to the immune response for removal of foreign 
substances that are not easily degraded.   
 
Kang et al. [92] studied microbial toxicity of SWNT using Escherichia coli..  To 
exclude any interference originated from impurities and/or the derivatization of the 
nanotubes, experiments were performed with highly purified, pristine SWNTs with a 
narrow diameter distribution.  From the result of Scanning Electron Microscopy (SEM) 
analysis and fluorescence dye test, it is concluded that antimicrobial activity of SWNT 
originated from the physical damage to the outer membrane of the Escherichia coli. cells.  
The release of intracellular contents by the physical damage was confirmed by the 
measurement of DNA and RNA concentrations in the culture media after cultivation of 
cells with and without SWNT.  In a recent study, Porter et al.[93] investigated the 
transport of SWNT to a human macrophage cell, which forms the first line of the defense 
in many human tissues against foreign materials, using Transmission Electron 
Microscopy (TEM) and Confocal Microscopy.  Human monocyte-derived macrophages 
were contacted with SWNT for 2 and 4 days at SWNT concentrations ranged 0–10 
µg/mL. Most significant observation of this research is that at 4 days of exposure, SWNT 
entered into the nuclear membrane and localized within the nucleus.  This translocation 
of SWNT into the cytoplasm and localization within the cell nucleus appeared to have 
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caused cell mortality.  Even though no significant decrease in cell viability was observed 
in 2 days, maximum 40 % decrease in cell viability was observed after 4 days of 
exposure to SWNT.  However, the exact mechanism of cell morality is still unclear.   
 
Toxicity of C60 also has been studied by various researchers.  Sayes et al. [89] 
first reported cytotoxicity of water soluble C60 aggregates, which is commonly called as 
nC60.  In the comparative study with derivatized C60 using human dermal fibroblasts 
(HDF) and human liver carcinoma cells (HepG2), nC60 showed more than 7 order higher 
cell lethal dose than derivatized C60 even at relatively low concentration level (less that 1 
mg/L). The research suggested that cytotoxicity of C60 is mainly originated from the 
leakage of the plasma membrane after oxidative stress and postulated that superoxide 
anion species generated from nC60 is responsible for the membrane damage and eventual 
cell death.  However, recent study from Lee et al. [94] suggested that C60 can not produce 
superoxide anions, epecially when they exist as aggregates, and exact mechanism of the 
cytotoxicity is still not well understood.  Toxicity studies [49, 95] on the prokaryotic 
bacteria showed that nC60 have antimicrobial properties against both Gram negative 
Escherichia coli and Gram positive Bacillus subtilis, with minimal inhibitory 
concentrations of 0.5 to 1 mg/L and 1.5 to 3.0 mg/L, respectively [95].  The result was 
consistent with a respiration study where CO2 production reduced with the induction of 
nC60 during the exponential growth phase of the bacteria [49].   
 
Preparation methods for nC60 suspension affect antibacterial properties of C60 [44].  
Among four different methods for stable C60 suspension production, solvent exchange 
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method using THF as a solvent (THF/nC60), sonication of C60 dissolved in toluene with 
water (son/nC60), extensive mixing of C60 powder in water (aq/nC60), and mixing with a 
solubilizing polymer (PVP/C60), C60 prepared from son/nC60, aq/nC60, and PVP/C60 
exhibited similar toxicity to Bacillus subtilis, while THF/nC60 had higher toxicity 
showing 1 order lower Minimum Inhibitory Concentration (MIC) to Bacillus subtilis.  
However, the higher toxicity of nC60 prepared from THF/C60 method could have occurred 
due to residual solvent (THF) during the preparation process [44]. Size of the nC60 also 
influenced the microbial toxicity and nC60 with small particle size generally showed 
higher toxicity compared to their larger counterparts [44]. 
 
Currently, the exposure to this carbon based nanomaterials is regulated based on 
graphite based exposure limit set by National Institute of Occupational Safety and Health 
Administration (NIOSH).  However, the experimental results above imply that toxicity of 
these novel carbon based nanomaterials cannot be extrapolated from the existing data on 
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NATURAL ORGANIC MATTER STABILIZES CARBON 




This study investigates the aqueous stability of multi-walled carbon nanotubes (MWNTs) 
in the presence of natural organic matter (NOM).  MWNTs were readily dispersed as an 
aqueous suspension in both model NOM (Suwannee River NOM (SR-NOM)) solutions 
and natural surface water (actual Suwannee River water with unaltered NOM 
background) which remained stable for over one month.  Microscopic analyses suggested 
that the suspension consisted primarily of individually dispersed MWNTs.  
Concentrations of MWNTs suspended in the aqueous phase, quantified using thermal 
optical transmission analysis (TOT), ranged from 0.6 mg/L to 6.9 mg/L as initial 
concentrations of MWNT and SR-NOM were varied from 50 to 500 mg/L and 10 to 100 
mg/L, respectively.  Suwannee River water showed the similar MWNT stabilizing 
capacity compared to the model SR-NOM solutions.  For the same initial MWNT 
concentrations, the concentrations of suspended MWNT in SR-NOM solutions and 
Suwannee River water were considerably higher than that in a solution of 1 % sodium 
dodecyl sulfate, a commonly used surfactant to stabilize CNTs in the aqueous phase.  
These findings suggest that dispersal of carbon based nano-materials in the natural, 
aqueous environment might occur to unexpected extent following a mechanism that has 
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Carbon nanotubes (CNTs) are pure carbon macromolecules consisting of sheets of carbon 
atoms covalently bonded in hexagonal arrays that are seamlessly rolled into a hollow, 
cylindrical shape with both ends rounded through pentagon ring inclusions.  Variable 
CNT architectures with diameters in the nanometer range (ca. 1 to 100 nm) and lengths 
up to several tens of micrometers give rise to high length to diameter aspect ratios 
compared to other carbon fullerenes such as C60 (1).  Based on their structure, CNTs are 
categorized into two main species; single-walled nanotubes (SWNTs) and multi-walled 
nanotubes (MWNTs).  The latter results from a co-axial assembly of the multiple SWNTs 
(2). 
 
CNTs are being considered for a range of applications due to their exceptional 
mechanical, electro-optical, and thermal properties (3,4).  Examples of such properties 
and corresponding applications include: high tensile strength and elasticity suitable for 
aerospace and fiber industries (5); electronic conductance and unique semi-conducting 
capacities ideal for nano-electronics and semiconductors (5-7);  hydrogen adsorption 
(storage) capacity for application in hydrogen based fuel cells  (8,9); and electronic 
sensitivity in different chemical environments allowing for novel environmental sensors 
(10-13).  With increasing commercial interests and industrial scale production facilities 
currently under construction (14), CNT supply and demand, by all accounts, are expected 
to grow very rapidly over the next decade (15,16). 
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  Unfortunately, a limited amount of information is currently available regarding 
the fate and transport of CNTs in the natural and engineering environment and the 
ultimate human health effects (14).  To date, studies have shown that CNTs are 
biologically active as demonstrated by a pulmonary response via induction of pulmonary 
granulomas (17,18) at greater instance than quartz (1-3 µm crystalline silica), which is a 
recognized chronic occupational health hazard (via inhalation routes).  Both SWNT and 
MWNT were also attributed to cause the loss of the phagocytic ability and ultrastructure 
damage to alveola macrophages (19).  Furthermore, CNT have induced observable toxic 
responses in other cell cultures (20,21). 
       
When considering industrial scale production and use, observed biological 
activities, and the fact that CNT and other fullerene structures have been identified in the 
soot from common hydrocarbon combustion processes (22,23), understanding their fate 
in the natural environment is necessary to assess possible routes for exposure to human 
and ecosystem.  The CNTs have seldom been considered as potential contaminants in the 
aqueous phase.  They are extremely hydrophobic and prone to aggregation, as they are 
subject to high Van der Waals interaction forces along the length axis, thus not readily 
dispersed (24,25).  However, facile dispersion of CNT in aqueous phase can be achieved 
by augmenting the surface of the carbon structure through the addition of surfactants and 
polymers such as sodium dodecyl sulfate (SDS) (26-33), sodium dodecylbenzene 
sulfonate (NaDDBS) (34,35), Triton X-100 (34,36,37) and polyvinyl pyrrolidone (PVP) 
(38) among others (34,39).  These surfactants and polymers not only create a 
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thermodynamically suitable surface in water but also provide steric or electrostatic 
repulsion among dispersed CNTs thus preventing aggregation (27,30,35,36).   
 
Given the previous observations that CNTs are stabilized in the aqueous phase by 
well characterized surfactants and polymers, it is possible that similar interactions 
between CNTs and organic molecules present in natural systems will occur.  This may 
result in aqueous dispersion and stabilization of CNTs following a demonstrated 
mechanism of hydrophobic surface shielding that has not been widely considered in 
environmental fate and transport studies to date.  The objectives of this study were to 
verify MWNT stabilization, as an aqueous suspension, in both synthetic solutions 
containing model natural organic matter (NOM) and natural surface water with high 
NOM background (Suwannee River) and to develop a method to quantify MWNTs 














MWNTs, produced by chemical vapor deposition (CVD) method with purity greater than 
90 %, were obtained from the MER Corporation (Tucson, AZ).  Average diameter and 
average length were reported by the manufacturer to be 140 ± 30 nm (approximately 100 
graphene layers per each molecules on average) and 7 ± 2 µm, respectively.  Standard 
Suwannee River NOM (SR-NOM) obtained from International Humic Substances 
Society (IHSS) (St. Paul, MN) was used as model NOM.  Number average and weight 
average molecular weights of SR-NOM determined by gel permeation chromatography 
(GPC) were reported as 1,718 Da and 2,703 Da, respectively (40).  Based on the 
analytical information provided by IHSS, the SR-NOM is composed of 52.47 wt % of 
carbon, 4.19 wt % of hydrogen, 42.69 wt % of oxygen, 1.10 wt % of nitrogen, 0.65 wt % 
of sulfur and 0.02 wt % of phosphate and ash content is 7.0 wt %.    Significant amount 
of carbon in the SR-NOM is distributed at the carboxylic group (20 %), which provides 
acidic moiety to the SR-NOM, as well as aromatic (23 %), aliphatic (27 %) and 
heteroaliphatic (15 %) groups.  A 100 mg-Carbon/L (C/L) stock solution was prepared by 
dissolving SR-NOM for 24 hours and filtering the solution through a 0.2 µm nylon 
membrane filter (Cole Parmer, Chicago, IL).  For comparison with model SR-NOM, a 
grab sample of actual Suwannee River water was obtained from the official sampling site 
of the IHSS, located in the Okefenokee National Wildlife Refugee in the State of Georgia 
(41).  The water sample was transported in a cooler packed with ice from the sampling 
location and preserved in a 4 
o
C temperature room after filtered with a 0.2 µm nylon 
membrane filter (Cole Parmer, Chicago, IL).  ACS reagent grade (>99 %) Sodium 
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dodecyl sulfate (SDS, CH3(CH2)11OSO3Na, FW 288.38)  (Aldrich Chemical Company, 
Milwaukee, WI), which has critical micelle concentration of 0.24 % at 25 oC, was used as 
a representative surfactant to stabilize MWNTs in water.  Ultrapure water (>18 MΩ) 
produced by the Milli-Q water purification system (Millipore, Billerica, MA) was used 
for the preparation of all solutions.     
 
MWNT suspensions were prepared by adding varying amounts of MWNT into 
100 mL of Milli-Q water, 1% SDS solution, a well known surfactant to stabilize CNTs, 
as a positive control, the solutions containing varying concentrations SR-NOM, and 
Suwannee River water in Erlenmeyer flasks and vigorously agitating the solutions for one 
hour.  After settling for four days, the unsettled supernatant (ca. 60 % of total volume) 
was carefully removed by syringe from the top of the flask.  The solution was then 
filtered using a Whatman Model 541 filter paper (20-25 µm, Florham Park, NJ) to 
remove any undispersed MWNT agglomerates and the filtrate was collected for further 
analyses.  
 
 In situ images (i.e. suspended in the water phase) of MWNTs in suspension were 
obtained using a Leica DM IRM Differential Interference Contrast (DIC) Microscope 
(Wetzlar, Germany) operated in a reflective index mode and recorded with a Hamamatsu 
EM-CCD C9100 Camera (Hamamatsu City, Japan).  The point-to-point resolution of the 
resulting image was 0.053 µm.  Suspended MWNTs were particularly easy to identify 
and record due to the contrasting reflective indexes of MWNT compared to the aqueous 
background.  Electron microscopic images were analyzed by a JEM 100C transmission 
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electron microscope (TEM) (Jeol, Peabody, MA) using 100 kV electron beam at 
magnifications of 7,200 and 100,000.  TEM samples were prepared by placing a droplet 
of MWNT aqueous suspension on the 300 mesh copper carbon grid (Electron 
Microscopy Science, Hatfield, PA) and dried overnight at room temperature. 
 
Concentrations of suspended MWNTs were determined by a Thermal Optical 
Transmittance Analyzer (TOT) (Sunset Laboratory, Tigard, OR), UV-Vis absorbance, 
and turbidity measurements.  TOT analysis was performed following the method 
described by NIOSH (National Institute for Occupational Safety and Health) (42).  
Samples for the TOT were prepared by filtering a known volume of MWNT suspension 
through a 25 mm diameter disc type Pallflex 2500 quartz filter (Pall Corporation, Ann 
Arbor, MI) with nominal pore size of 0.3 µm, which has good durability at high 
temperature condition of TOT, and drying the filter for 24 hours at 90 
o
C.  Independent 
control test confirmed that virtually all MWNTs stabilized in the aqueous suspension 
were retained by this filter (i.e. the concentration of MWNT in the filtrate was less than 
the detection limit of the analytical methods used in this study).  NOM and SDS that were 
not associated with MWNTs were also removed as filtrate during this step.  After drying, 
each TOT specimen was prepared by cutting a 1.5 cm
2
 rectangular area from the center of 
the glass filter and loading it on a glass sampling boat of the TOT.  Before each set of 
measurements, the equipment was calibrated using a 10 µL of 5.0 mg/L sucrose solution.  
For each measurement, the flame ionization detector (FID) was calibrated using a known 
volume of CH4.  UV-Vis absorbance and turbidity of MWNT suspensions were measured 
by an Agilent 8453 UV-Vis spectroscopy system (Palo Alto, CA) and a Hach 2100N 
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turbidimeter (Loveland, CO), respectively.  Concentrations of NOM remaining in the 
solution phase, which did not adsorb onto MWNT, were quantified by UV-Vis 
absorbances at 254 nm (UV254) after removing the suspended MWNT and associated 
NOM with a GHP Acrodisc 0.2 µm syringe filter (Pall Corporation, Ann Arbor, MI).  
UV254 measurements were calibrated with DOC analysis (TOC-Vw analyzer, Shimadzu, 
Columbia, MD). 


















Results and Discussion 
 
The stability of MWNTs in the aqueous phase was largely dependent on the presence of 
SDS or NOM (Figure 3.1).  The MWNTs added to organic-free Milli-Q water at 500 
mg/L (50 mg of MWNTs added to 100 mL Milli-Q water) settled quickly and the water 
became completely transparent in less than an hour (Figure 3.1a).  Upon the addition of 
the MWNT at the same (equivalent) concentration, a 1% SDS solution immediately 
became dark and turbid. The solution gradually changed to a light grey suspension after 
one day of settling and the color of the solution did not noticeably change for over a 
month (Figure 3.1b).  The solution of 100 mg-C/L SR-NOM originally appeared dark and 
turbid upon equivalent MWNT addition and gradually lightened with a corresponding 
loss of turbidity during the first four days of settling.  However, after four days, the dark 
solution, which appeared to be due to the presence of MWNTs, with yellowish 
background remained stable for over a month (Figure 3.1c).   
  
 In-situ microscopic images of MWNTs suspended in the SDS and SR-NOM 
solutions are presented in Figure 2.  Negligible morphological differences were observed 
between the MWNTs stabilized by SDS (Figure 3.2a) and those by SR-NOM (Figure 
3.2b).  Both samples contained relatively well dispersed rod-shaped MWNTs as well as 
larger size flocs albeit in much less frequency.  A closer examination of MWNTs in SR-
NOM solution by TEM suggested that the majority of MWNTs were suspended as a 
single tube (a representative image shown in Figure 3.2c), as evidenced by the presence 
of single hollow core (approximately 2 nm in diameter according to the manufacturer) in 
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single fibrous structure in these images.  Bundles of MWNTs (i.e. pairing of several 
MWNTs along the length axis) were seldom observed.  Bubble-like artifacts adjacent to 
MWNT surfaces might have originated from the sublimation of organic matter due to 
high energy electron beam irradiation during TEM analysis.  The agglomerates of 
MWNTs in which single MWNT appeared to be connected to another MWNT, 
potentially by bridging through NOM, were also observed during TEM examination.  
While it is possible that some of these bridged structures might have been additionally 
generated during a drying process for TEM sample preparation, the similar structures 
were also observed in the in-situ images.   
 
 In the presence of complex and undefined NOM, analytical approaches utilizing 
elemental and molecular characteristics may prove challenging to quantify the amount of 
CNT suspended in the aqueous phase.  It should also be noted that CNT sample used in 
this study consists of a mixture of molecules with different sizes.  A method of using 
TOT relies on the fact that thermal stability of organic carbon (NOM) and elemental 
carbon (CNT) are different such that they can be differentially quantified (43-46).  This 
instrument is widely used to examine carbon content and composition in various 
atmospheric samples (47-51).   
 
 The TOT analysis typically proceeds in two distinct stages (52).  In the first stage, 
temperature increases stepwise up to 820 
o
C in a He atmosphere to volatilize organic 
carbon (OC) which is then oxidized to CO2 via granular MnO2 at 900 °C.  CO2 is 




















Figure 3.1. Visual examination of (a) organic-free water, (b) 1 % SDS solution, and (c) 100 
mg-C/L SR-NOM solution and (e) Suwannee River water after adding 500 mg/L of MWNTs, 
agitating for one hour, and quiescent settling for four days.  100 mg-C/L SR-NOM solution 





















Figure 3.2. (a) In-situ microscope images of MWNTs suspended in 1 % SDS solution and (b) 
100 mg-C/L SR-NOM solution (from Figure 1). The scale bars in the upper right corner of 
each image correspond to 5.3 µm.  (c) A representative transmission electron microscopy 
image of MWNTs stabilized in the SR-NOM solution. 
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flame ionization detector (FID).  However, not all of OC is volatilized, as some becomes 
pyrolized in the O2 deficient atmosphere.  Elemental carbon (EC) measurement along 
with pyrolized organic carbon (PC) correction is performed in the next stage.  The 
temperature is again raised stepwise in an O2 (10 %) and He (90 %) mixed atmosphere.  
The total amount of thermally oxidized EC and PC is measured by the FID after 
reduction to CH4.  Utilizing He-Ne laser transmittance through the sample, EC from the 
original sample is differentiated from PC.  In the first stage, as PC is generated and 
absorbs the light, the laser transmittance is decreased.  However as both EC and PC are 
volatilized, the laser transmittance increases in the second stage.  The point at which the 
laser transmittance reaches the initial value (time = 0) is the separation point between PC 
and EC.  CH4 detected before this point is attributed to carbon originating from OC and 
that detected after this point is from EC.   
 
 Profiles of temperature, laser transmittance, and FID signal for an entire cycle of a 
TOT measurement are presented in Figure 3.3 along with the split point between OC and 
EC.  Control experiments were first performed with only SR-NOM (Figure 3.3a) and 
only MWNT (Figure 3.3b) samples.  The sample containing only SR-NOM was prepared 
by placing 1 mL of 500 mg/L SR-NOM stock solution on top of the quartz filter without 
suction and drying at 90 
o
C.  The sample with only MWNT was prepared by adding 
MWNT to Milli-Q water, retrieving an arbitrary fraction onto the quartz filter, and drying 
it overnight at 90 
o
C.  Therefore, the exact concentrations of MWNT were unknown and 
quantitative comparison was not made for these samples.  Nevertheless, these 
experiments confirmed that signals from these different carbon classes do not overlap, 
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allowing for quantitative differentiation between MWNT and SR-NOM.  During the 
analysis of SR-NOM only control (Figure 3.3a), peaks were generated in both the first 
and second stages of analysis and the second stage peak appeared to be due to the 
generation of PC, as the concentration estimated from the sum of two peaks agreed with a 
concentration measured as DOC.  For the MWNT-only sample (Figure 3.3b), peaks were 
observed only in the second stage as EC (with O2 present).  When the sample specimen 
after one cycle was subject to another entire TOT cycle, no further change in laser 
transmittance was observed and no more CH4 was produced, confirming that MWNT 
conversion to CH4 was complete, consistent with observations reported in the literature 
under similar combustion conditions (53,54). 
 
 A representative TOT thermogram for the MWNT and SR-NOM adduct is shown 
in Figure 3.3c.  Following this direct quantification method, concentrations of suspended 
MWNTs in synthetic solutions, prepared according to an orthogonal matrix of varying 
initial SR-NOM concentrations (10, 25, 50, and 100 mg-C/L) and varying MWNT mass 
initially added (50, 100, 250, and 500 mg/L), were analyzed.  Results summarized in 
Table 3.1 demonstrate that approximately 0.25 to 1.4 % of MWNTs initially added to the 
SR-NOM solution became suspended for the range of solution compositions investigated.  
The fraction of suspended MWNT to the initial mass increased as more NOM was 
available.  However, NOM availability was certainly not a limiting factor since the 
concentration of suspended MWNT also increased as initial MWNT dose increased for 











MWNT is a result of dynamic equilibrium process, similar to typical adsorbate-adsorbent 
interactions.   
 
 For the same set of samples, the concentration of SR-NOM that was not 
associated with MWNT was directly measured using absorbance of the filtrate (i.e. after 
removing MWNT and associated SR-NOM) at 254 nm.  Due to the competitive 
adsorption of SR-NOM onto MWNT, some bias can be involved in the quantification of 
residual SR-NOM with UV254 absorbance. The mass of SR-NOM associated with 
MWNT (per unit mass) was further calculated by subtracting the SR-NOM concentration 
in the filtrate from the initial SR-NOM concentration and dividing the value by the initial 
MWNT concentration.  For the calculation, homogeneous adsorption of SR-NOM onto 
the MWNT was assumed.  The mass of SR-NOM associated with MWNT (Table 3.1) 
was observed to increase as the relative abundance of SR-NOM increased (i.e. SR-NOM 










































































































































































Figure 3.3. Representative TOT thermograms for (a) SR-NOM only (b) MWNT only and (c) 
MWNT associated with SR-NOM.   
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mass of MWNT added decreased).  These results, taken with the TOT results, suggest 
that the MWNT-NOM suspension formation has two aspects of consideration: 1) the 
physical dispersion of the MWNT added to solution and 2) the association/equilibrium 
processes of NOM to the surface of MWNTs rendering them stable in the aqueous phase. 
 
 A spectral analysis of MWNT in SR-NOM solution showed a distinct, broad 
increase in the baseline of absorbance spectrum in visible range (over 500 nm), which 
was not observed in the solution containing only SR-NOM.  Since the increase in 
baselines appears to be a function of light scattering by MWNT suspension and no 
specific absorption peak was identified, the absorbance at 800 nm was arbitrary selected 
and plotted against the suspended MWNT concentrations determined from TOT analyses, 
which resulted in a linear correlation (r
2
=0.987) (Figure 3.4).  Similarly, simple turbidity 
measurements resulted in a reasonable correlation (r
2
=0.952) with the suspended MWNT 
concentration (results not shown). 
 
 The stability of MWNT was further investigated using an actual Suwannee River 
water sample (collected in situ as described above) in order to exclude any potential 
artifacts that might have originated from the use of a model compound.  The pH, 
conductivity and, DOC of the 0.2 µm filtered sample were 3.42, 69.4 µS, and 59.1 mg-
C/L, respectively.  Figure 3.1e shows 500 mg/L of MWNT added to Suwannee River 
water compared to filtered Suwannee River water (Figure 3.1f).  This picture was taken 
after agitation for one hour and quiescent settling for four days.  Similar to the model SR-
NOM, the Suwannee River water quickly dispersed MWNT and the resulting suspension 
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was stable for over one month.  When initial amount of MWNT added to the Suwannee 
River water was varied at 500, 250, 100, and 50 mg/L, the concentration of suspended 
MWNT was determined at 6.9, 5.45, 2.27, and 1.76 mg/L, respectively, which was 
consistent with observation made with model SR-NOM in that suspended MWNT 
increased as initial MWNT dose increased.  The amount of NOM adsorbed per unit mass 
of MWNT was 0.033, 0.042, 0.060, and 0.104 mg-C/mg for initial MWNT concentration 
of 500, 250, 100, and 50 mg/L, which were also in reasonable agreement with the results 
obtained with the model NOM (Table 3.1).    
 
  The observed similarity in the dispersion nature of the MWNT in solutions 
containing NOM and SDS suggests that MWNT stabilization in the presence of NOM 
might follow a similar stabilization mechanism of MWNT surface shielding by these 
molecules which not only leads to more thermodynamically favorable surfaces but also 
induces electrostatic and steric stabilization (27,30,35,36).  Consequently, an amphiphilic, 
surfactant-like fraction of NOM with non-polar groups coexisting with polar, charged 
groups might play a critical role.  It is noteworthy that NOM appeared to be a better 
stabilizing agent than SDS as clearly demonstrated in Figure 3.1.  TOT analysis also 
suggested that approximately 1.78 mg/L of MWNT would be suspended when 200 mg/L 
of MWNT was added to 1% (10,000 mg/L) SDS solution.  This value was approximately 
three times lower than that of a solution containing 100 mg-C/L of SR-NOM, which was 
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Figure 3.4. Comparison of light absorbance of MWNTs dispersed in SR-NOM solution at 800 
nm and concentration of suspended MWNTs measured by TOT. 
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Table 3.1. Concentration of Suspended MWNT in SR-NOM Solutions and Mass of SR-
NOM Bound to Unit Mass of MWNT Prepared with Varying Initial SR-NOM and 
MWNT Concentrations. 
 
MWNT initially added (mg/L) 
  
Initial SR-NOM  
concentration  
(mg/L) 
500 250 100 50 
100 6.92 6.95 3.75 1.42 
50 5.47 3.6 2.15 1.34 




10 1.26 1.06 1.17 0.68 
100 0.039 0.053 0.114 0.338 
50 0.029 0.031 0.048 0.072 
25 0.02 0.024 0.027 0.036 
NOM mass  
per unit MWNT 
mass (mg/mg) 



















 Enhanced stabilizing propensity might be attributed to the presence of aromatic 
fractions of NOM, compared to SDS which is aliphatic, as aromaticity and resulting π-π 
interactions have been identified as an important parameter in MWNT stabilization by 
various surfactant molecules (34,39).  Generally, ubiquitous aromatic fractions of NOM 
can range from ca. 10-40 % (C/C) depending on the source and age; with SR-NOM 
composition estimated to be 23% aromatic carbon via 
13
C-NMR analysis (55).  
Furthermore, a relatively high percent of charged functional groups, such as carboxyl 
moieties (20% carbon as carboxyl for SR-NOM (55)) might contribute to enhanced 
dispersion of resulting NOM-MWNT complexes.  However, the exact mechanism for 
CNT interaction with NOM will depend on both NOM characteristics including 
aromaticity, charge density, and size as well as CNT characteristics such as aspect ratio 
(e.g. SWNT) and functional derivatization (e.g. through a commonly used acid-treatment 
that induces tube shortening and end-group carboxylation as a way of stabilizing SWNT 
in the aqueous phase (36)).  Understanding these interactions presents a challenge, 
especially as NOM is largely undefined and variable depending on the source, warranting 
further in-depth investigations. 
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NATURAL ORGANIC MATTER (NOM) ADSORPTION TO  
MULTI-WALLED CARBON NANOTUBES:  





The effect of natural organic matter (NOM) characteristics and water quality parameters 
on NOM adsorption to multi-walled carbon nanotubes (MWNTs) was investigated.  
Isotherm experimental results fitted well with a modified Freundlich isotherm model that 
took into account of the heterogeneous nature of NOM.  Accordingly, the preferential 
adsorption of the higher molecular weight fraction of NOM was observed by a size 
exclusion chromatographic analysis.  Experiments performed with various NOM samples 
suggested that the degree of NOM adsorption varied greatly depending on the type of 
NOM and was proportional to the aromatic carbon content of NOM.  The NOM 
adsorption to MWNT was also dependent on water quality parameters: adsorption 
increased as pH decreased and ionic strength increased.  As a result of NOM adsorption 
to MWNT, a fraction of MWNT formed a stable suspension in water, the concentration 
of which depended on the amount of NOM adsorbed per unit mass of MWNT.  The 
amount of MWNT suspended in water was also affected by ionic strength and pH.  The 
findings in this study suggested that the fate and transport of MWNT in the natural 
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 As the evidence for toxicological effects of carbon nanotubes (CNT) is rapidly 
accumulating [1-3], understanding the fate and transport characteristics of CNT in the 
natural environment during unintended discharge is becoming an important issue.  In 
particular, an exposure route involving natural waterways, which has traditionally not 
been considered as these molecules are extremely hydrophobic, has been receiving a 
widespread interest.  Our recent study [4] showed that pristine multi-walled carbon 
nanotubes (MWNT) could be stabilized (suspended) in the aqueous phase by natural 
organic matter (NOM) which might provide sterically and electrostatically stable surfaces 
to MWNT after adsorption to MWNT.  This finding suggested that the dispersal of 
carbon based nanomaterials, CNT in particular, in the natural aquatic environment might 
occur to a higher extent than predicted based only on the hydrophobicity of these 
materials.  In order to accurately predict the behaviors of MWNT in the environment, the 
mechanism of interaction between NOM and CNT and the effect of water quality on this 
interaction need to be elucidated.   
 
NOM is a mixture of chemically complex polyelectrolytes with varying molecular 
weights, produced mainly from the decomposition of plant and animal residues [5].  Due 
to the carboxylic and phenolic moieties distributed throughout the entire molecule, NOM 
generally carries a negative charge in the natural environment [6].  These physical and 
chemical characteristics of NOM are likely to be closely related to the mechanism of 
NOM interaction with CNT.  Compared to NOM adsorption onto CNT, the mechanism 
of NOM adsorption onto activated carbon is relatively well known due to the rich history 
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of application to water treatment.  A few characteristics of NOM interaction with 
activated carbon are noteworthy and might be helpful for interpretation of CNT-NOM 
interaction.   
 
First, the adsorption capacity and strength strongly depend on the type of NOM 
and the type of activated carbon.  Factors affecting adsorption have been reported to 
include size and chemical characteristics of NOM as well as pore structure and surface 
chemistry of activated carbon [5-8, 11].  Second, due to the polydisperse nature of NOM, 
different fractions of NOM tend to have a different degrees of adsorptive interactions 
with the adsorbent [7].  This preferential adsorption is reflected by the occurrence of dose 
dependent isotherm relationship.  For example, the strongly adsorbable fraction of NOM 
exhibits a more favorable adsorption at lower activated carbon dose.  Finally, NOM 
adsorption is affected by water quality parameters such as ionic strength and pH which 
influence the charge and configuration of NOM [6].  Specifically, the adsorption of 
negatively charged NOM to the activated carbon surface generally increases as ionic 
strength increases and pH decreases [5, 8-11].   
 
Differences between activated carbon and CNTs need to be also recognized for 
the proper interpretation of CNT-NOM adsorption phenomena.  First, the activated 
carbon consists of micropores with different sizes which provide sites for NOM 
adsorption.  CNTs in contrast provide adsorption sites only along the surface of a 
cylindrical structure [12].  Second, the chemical structure of the activated carbon, which 
contains carbons of varying degree of saturation and oxidation state as well as functional 
 68 
groups formed during activation process [7], is fundamentally different from that of CNT, 
which consists only of globally conjugated unsaturated carbons in three dimensional 
arrays. 
  
The objective of this study was to investigate the effect of NOM characteristics 
and water quality parameters on adsorptive interaction between MWNT and NOM in 
water.  The characteristics of NOM adsorption to MWNT was studied from batch 
isotherm experiments, which were performed with various NOM samples under different 
pH and ionic strength conditions.  The experimental result was analyzed using Freundlich 
isotherm model and critically compared to the adsorption of activated carbon.   Finally, 
the amount of stable MWNT suspension formed in water as a result of NOM adsorption 















Materials.  MWNT (10-20 nm diameter × 10-30 µm length) with over 95% purity was 
obtained from the Cheap Tubes Inc. (Brattleboro, VT).  Suwannee River natural organic 
matter (SRNOM), Suwannee River humic acid standard II (SRHA), Suwannee River 
fulvic acid standard II (SRFA), Leonardite humic acid standard (LHA), Elliott soil humic 
acid standard (ESHA), Nordic lake humic acid reference (NLHA), Nordic lake fulvic 
acid reference (NLFA), Waskish peat humic acid standard (WPHA), and Waskish peat 
fulvic acid standard (WPFA) were purchased from the International Humic Substances 
Society (IHSS) (St. Paul, MN).  Elemental and carbon compositions of the NOMs are 
provided in Table 4.S1 (Supporting Information).  NOM stock solution was prepared by 
mixing a known amount of NOM with ultrapure water for 24 hours.  Dissolution of NOM 
was facilitated by adding NaOH to increase the solution pH to 7.  After measuring the 
total organic carbon (TOC) content of the stock solution by a TOC-Vw analyzer 
(Shimadzu, Columbia, MD), the solution was diluted to target NOM concentrations.  
Ultrapure water produced by a Milli-Q water filtration system (Millipore, Billerica, MA) 
was used for the preparation of all the solutions. 
 
Isotherm test.  Isotherm relationship for NOM adsorption to MWNT was evaluated by a 
modified bottle-point technique [5], where each data point of the isotherm was 
determined by an individual batch experiment.  Both constant adsorbent method and 
constant adsorbate method were adopted.  For all the isotherm experiments, NOM 
solution was buffered with 1 mM phosphate (NaH2PO4) and ionic strength was adjusted 
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with NaCl.  The solution pH was adjusted using NaOH and HCl.  The mixture of MWNT 
powder and NOM solution in a 40 mL vial was agitated using a magnetic stirrer for 6 
days.  Independent kinetic study suggested that the adsorption of NOM reached 
saturation within 2 days of mixing.  Control experiments with blank samples confirmed 
that the loss of NOM in the solution resulted only from adsorption to MWNT.  After 2 
days of quiescent settling, samples were taken for the further analyses.  All the isotherm 
experiments were performed at 22
o
C.  Further details on adsorption experimental 
conditions are provided in Table 4.S2. 
 
Analysis.  The concentration of NOM was measured by a TOC-Vw analyzer (Shimadzu, 
Columbia, MD).  The equilibrium NOM concentration after adsorption (Ce) was analyzed 
after removing MWNT with a 0.2 µm Acrodisc nylon membrane syringe filter (Pall 
Corporation, Ann Arbor, MI).  Once Ce was determined, the equilibrium concentration of 








0          
 (1) 
 
where C0 (mg C/L) = the initial concentration of NOM and D (g MWNT/L) = dosage of 
MWNT.   
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Stability of MWNT in the NOM solution, the quantitative measurement of stable 
suspension of MWNT due to the NOM adsorption, was determined by visible light 
absorbance at 800 nm (VIS800) (8453 UV-Vis Spectroscopy System, Agilent, Palo Alto, 
CA) after 6 days of mixing and 2 days of settling.  VIS800 was measured after separating 
the stable MWNT suspension from the bulk using Whatman 541 filter (20-25 µm 
nominal pore size, Florham Park, NJ).  Our previous study verified that VIS800 (i.e., 
transmittance decrease due to light scattering by suspended MWNT) was linearly 
correlated with the MWNT concentration measured by a Thermal Optical Transmittance 
(TOT) analyzer [4].  The study also verified that the TOT analysis accurately measure the 
concentration of MWNT in a solution containing both MWNT and NOM  [4].  In this 
study, VIS800 were also calibrated with those obtained using a TOT analyzer (Sunset 
Laboratory, Tigard, OR).   
 
The molecular weight distribution of NOM was analyzed by a Hewlett-Packard 
1100 high performance liquid chromatography (HPLC) system (Wilmington, DE) 
equipped with a Waters Protein-Pak
TM
 125 SEC column (Milford, MA), a commonly 
used column for NOM fractionation [13-15] (mobile phase = 0.1 M NaCl solution 
buffered with 1 mM phosphate at pH 6.8, flow rate = 1 mL/min at 40oC).  UV absorbance 
at 254 nm (UV254) of eluent was monitored by a diode-array detector (DAD).  Electron 
microscopic images were analyzed by a Philips 120 transmission electron microscope 
(TEM) (New York, NY).  A TEM specimen was prepared by placing a droplet of 
fullerene suspension on a copper carbon grid (Electron Microscopy Science, Hatfield, 
PA) and drying overnight at room temperature.   
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Results and Discussion 
 
Adsorption Isotherm.  Results from isotherm experiments performed under varying 
initial concentrations of SRNOM and MWNT are shown in Figure 4.1a.  The isotherms 
were adsorbent-dose dependent, i.e., different adsorption isotherms, which were linear in 
a log scale, were obtained at different MWNT doses.  Similar adsorbent-dose dependence 
phenomenon has been observed in previous studies on the adsorption of NOM onto 
activated carbon [5, 10].  Each isotherm at the same MWNT dose fitted well with the 
following Freundlich isotherm model which has been commonly used to represent 




=               (2) 
 
where, KF ((mg C/g MWNT)/(mg C/L)
1/n
) and 1/n (dimensionless) represent Freundlich 
constant and Freundlich exponent, respectively.  Generally, KF increases as the 
adsorption capacity of the adsorbent increases and 1/n decreases as the adsorption 
strength increases.  As the initial MWNT dose decreased, more SRNOM adsorbed per 
unit mass of MWNT and consequently qe increased.  This increase was less pronounced 
when equilibrium SRNOM concentration (Ce) increased, and the isotherms merged at the 
highest Ce.   
 
 Deviation from a single solute isotherm, where a unique isotherm can be obtained 
regardless of the initial adsorbate concentration or adsorbent dose, is attributed to the 
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heterogeneity of NOM and consequential occurrence of preferential adsorption [16, 17].  
NOM is a mixture of natural polymers with different adsorption capacity.  Therefore, at 
small adsorbent dosage, highly adsorbable portions of NOM preferentially adsorb onto 
adsorbent and they would dominate the adsorption behavior of NOM.  However, as 
adsorbent dosage increases, less adsorbable portions start to participate in adsorption and 
overall adsorption would be also influenced by less adsorbable portions.  In such a case, 
it is known that a unique isotherm is obtained by normalizing the equilibrium adsorbate 







)(=                                                    (3) 
 
A normalized Freundlich isotherm model fitted with experimental data (Figure 4.1b) 
could reasonably well incorporate dose dependency of NOM adsorption.  The 
experimental results obtained with the other NOMs used in this study also matched 
reasonably well with the normalized Freundlich model (Figure 4.S1).  The fitted model 
parameters for all the NOMs are summarized in Table 4.1.  Some deviations of 
experimental data at low/high ends of isotherms in the figures could have resulted from 
the adsorbate concentration dependency of Freundlich isotherm model [7].  Experimental 
results were also analyzed using a Langmuir isotherm (results not shown) after dose 
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Figure 4.1. Adsorption of SRNOM to MWNT. (a) Isotherm experimental data and 
Freundlich adsorption isotherm model fit. (b) Normalized data and normalized 
Freundlich adsorption isotherms model fit. (both at 22 
o
C, pH=7.0, [NaCl] = 5 mM, 







Table 4.1. Freundlich Adsorption Model Parameters for Various NOMs 
c
.  








































 Values in the parentheses for KF and n are 95% confidence intervals. Number of 
observation 










Effect of NOM Type.  Results summarized in Table 4.1 suggest that the adsorptive 
interaction between NOM and MWNT was strongly dependent on the type of NOM.   For 
example, less soluble, higher molecular weight humic acids had generally higher 
adsorption capacity than fulvic acids.  Various functionalities of the NOMs identified in 
the previous study [21] using 
13
C NMR were compared with adsorption characteristics.   
Among various carbon functionalities present in NOM (e.g., carbonyl, carboxyl, aromatic, 
acetal, heteroaliphatic, and aliphatic carbons), aromatic carbon content showed the most 
strong linear relationship with KF (Figure 4.2) regardless of source (i.e., lake, soil, or 
river) and type (i.e., bulk, fulvic or humic) of NOMs.  Some deviation from the linearity, 
which might originate from the existence of different elemental composition and 
functional groups in NOMs, was also observed.  Nevertheless, the finding that the 
adsorption capacity is closely related to the aromatic functional group content in NOM is 
consistent with past studies which reported that the attractive interaction between 
chemical compounds containing the aromatic moiety and CNT was largely driven by π-π 
interactions [22, 23].   Specifically, a previous study [22] suggests that a benzene ring 
present in a surfactant that shielded the CNT surface would stack upon benzene ring 
present in the CNT.   Gotovac et al. [24] reported that the adsorption of the tetracene (4 
benzene rings) was 6 times greater than that with phenanthrene (3 benzene rings).   The 
strong correlation between adsorption capacity and aromatic content of NOM implies that 
aromatic fractions of NOM, which can range from ca. 10-40 % (C/C) depending on the 
source and age [21] could be a useful measure to evaluate the level of NOM adsorption 
onto MWNT and consequently the dispersion of MWNT in natural waters.   
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Aromatic Group Content (%)























































Figure 4.2. Relationship between the aromatic group content of NOM and NOM-MWNT 














From the isotherm parameters calculated for each NOM (Table 4.1), it is also notable that 
KF is inversely proportional to 1/n for all the NOMs tested in this study (Figure 4.S2).  
This suggests that the capacity and adsorption strength of NOM adsorption are 
proportional to each other, which is not always the case for NOM adsorption to activated 
carbons.  In case of activated carbon, adsorption capacity is mainly determined by surface 
area of carbon’s porous structure available for adsorption, and many of the smaller pores 
are not accessible to the larger, more strongly adsorbing NOM molecules.  Even for the 
same activated carbon, the area available for adsorption varies with molecular size 
distribution and characteristics of NOM.  Such variation is not necessarily related to 
chemical composition of NOM that governs adsorption strength between the NOM and 
the surface.  In contrast, MWNT do not have pores available for adsorption and, therefore, 
NOM adsorption is less influenced by the physical structure of the adsorbent.  
Consequently, NOMs with greater adsorption strength are likely to have greater 
adsorption capacity to MWNT as experimental results suggested.   
 
Preferential Adsorption. Preferential adsorption of the higher molecular weight faction 
of SRNOM to MWNT was evident when size exclusion chromatograms of the non-
adsorbed portion of NOM at different MWNT doses were examined (Figure 4.3).  As 
MWNT dose was increased, higher molecular weight faction (i.e., fractions appearing at 
lower retention time) was removed to a greater extent.  Similar phenomena were 
observed from the SEC analysis performed with other types of NOM such as SRHA and 
SRFA (Figure 4.S3). This observation is in accordance with previous studies performed 
with the polydispersed polymers and non-porous adsorbents where preferential 
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adsorption of high molecular weight fractions was observed [16, 17].  However, the 
opposite molecular weight dependence was reported when adsorbent was porous (e.g., 
activated carbon).  From the SEC study on the Laurentian humic acid adsorbed to 
activated carbon, Kilduff et al. [10] suggested that lower molecular weight fraction of the 
humic acid more favorably adsorbed to activated carbon than the higher molecular weight 
fraction.  Summers and Roberts [6] examined activated carbon adsorption of Aldrich 
humic acid fractionated by molecular weight and observed greater adsorption of the low 
molecular weight fraction.  The apparent preferential adsorption of the low molecular 
weight fraction in the case of activated carbon would result from the size exclusion effect 
of pores within the activated carbon structure (i.e., small adsorbates can access both small 
and large pores, but large adsorbates can not access small pores) [6].  However, when the 
adsorption was evaluated on the basis of the accessible surface area, the larger molecules 
were found to have greater adsorption capacity to activated carbon [5], which is 
consistent with findings from this study.   
 
Effect of Water Quality Parameters.  NOM adsorption to MWNT was greatly influenced 
by water quality parameters such as ionic strength and pH.  At the same equilibrium 
SRNOM concentration in the liquid phase (Ce), the solid phase SRNOM concentration 
(qe) was the highest in the solution containing 0.1 M NaCl and the lowest without NaCl 
(Figure 4.4a).  The     experimental data fitted well with the Freundlich isotherm model at 
each ionic strength.  Adsorption capacity, expressed in terms of KF, increased as ionic 
strength increased (KF = 6.72 (mg C/g MWNT)
(1-1/n) 
at NaCl = 0 M, 7.05 at NaCl = 0.01 
M and 7.55 at NaCl = 0.1 M) presumably due to change in molecular configuration of 
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NOM.  Gosh and Schnitzer [25] suggested that humic substances would become 
increasingly coiled and form more compact structures as ionic strength increased.  
Adsorption capacity would consequently increase as more molecules could occupy the 
same surface area [10].  As the NOM molecule becomes more compact, the area for 
NOM-MWNT interaction would be reduced and the attractive force per individual NOM 
molecule to MWNT surface would decrease. Consequently, 1/n increased (i.e. adsorption 
strength decreased) as ionic strength increased (1/n = 0.39 at NaCl = 0 M, 0.48 at NaCl = 
0.01 M and 0.60 at NaCl = 0.1 M).  This is also consistent with the observation made in 
Figure 4.3 that NOM with larger molecular size adsorbed to MWNT more effectively due 
to greater level of adsorptive interaction possible per NOM molecule with MWNT 
surface.  At higher ionic strength, enhanced double layer compression in SRNOM-
MWNT agglomerates would also enhance SRNOM adsorption onto MWNT.   
 
Figure 4.4b shows the effect of pH on SRNOM adsorption to MWNT.  The 
adsorption capacity decreased as pH increased (i.e., KF = 8.31 (mg C/g MWNT)
(1-1/n)  
at 
pH = 5.0, 5.10 at pH = 7.0 and 2.96 at pH = 9.0), consistent with previous observations 
made with NOM adsorption to various other adsorbents [18, 26, 27].  As pH increases, 
the NOM molecules will become less coiled and less compact due to greater charge 
repulsion, and the adsorption capacity might consequently decrease as discussed above.  
In addition, as pH increases, weakly acidic SRNOM with carboxylic and phenolic 
moieties becomes more negatively charged [28].  Thus, in higher pH, repulsion between 












































Figure 4.3. Size exclusion chromatograms of SRNOM that were not adsorbed after 














































Figure 4.4. Effect of (a) ionic strength (at 22 
o
C, pH 7.0, [NaH2PO4] = 1 mM) and (b) pH 
(at 22 
o
C, [NaCl] = 5 mM, [NaH2PO4] = 1 mM) on SRNOM adsorption to MWNT.  











adsorption of SRNOM.  However, the strength of adsorption did not show appreciable 
change (i.e., 1/n = 0.39 at pH = 5.0, 0.40 at pH = 7.0 and 0.47 at pH = 9.0).  
 
Stability of MWNT in the Aqueous Phase.  As a result of NOM adsorption to MWNT, 
a fraction of MWNT forms a stable suspension.  TEM images of MWNT in SRNOM 
solutions (representative images shown in Figure 4.5) indicate that most of the MWNT 
were individually suspended.  The amount of stable MWNT suspension in aqueous phase 
(CMWNT) generally increased as the more SRNOM was adsorbed per MWNT (qe) (Figure 
4.6).  Suspension of MWNT is facilitated by the shielding of extremely hydrophobic 
MWNT surface with NOM which provides thermodynamically more favorable surface.  
Adsorbed NOM is also expected to contribute to steric and electrostatic stabilization.  
Therefore, for the same type of NOM, the amount of NOM adsorbed onto MWNT would 
determine the extent of MWNT stability in water, i.e., CMWNT increased as qe increased.  
CMWNT seemed to be also influenced by the type of NOM.  For example, at the same qe, 
CMWNT with SRHA was higher than that with SRNOM, implying that SRHA might have 
greater MWNT stabilization capacity than SRNOM (Figure 4.6).  However, no obvious 
relationship was found between CMWNT  and NOM properties such as carbon functional 
groups, elemental composition, and distribution of acidic functional group.  This is 
probably because other NOM properties such as electrostatic and configurational 
characteristics could collectively contribute to MWNT stability.  For the same qe, more 
MWNTs were suspended when more MWNTs were initially added to the solution (i.e., 





     
(a)           (b) 
 
Figure 4.5. TEM images of MWNT stabilized in SR NOM shown at different 
magnifications.  The bars represent 2 µm and 25 nm for (a) and (b), respectively.  
Evolution of bubble-like structures adjacent to MWNT surfaces, which formed as organic 
matter sublimed by high energy electron beam irradiation, was visible during the first a 








































Figure 4.6. Dependency of the amount of MWNT suspended in water (CMWNT) on the 
amount of various NOMs adsorbed onto MWNT (qe). 
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The amount of MWNT suspended in water also strongly depended on solution ionic 
strength.  The amount of MWNT suspended in water (CMWNT) was plotted versus qe at 
different ionic strengths in Figure 4.S4.  Experimental results scattered at lower CMWNT 
due to analytical limitations.  At higher ionic strength, much less MWNT was suspended 
despite the similar amount of SRNOM was adsorbed.  For instance, even at high qe (> 10 
mg C/g MWNT), MWNTs were only slightly suspended (i.e., less than 1 mg/L) in the 
SRNOM solution with 0.1 M NaCl.  This might be due to greater double layer 
compression in the high ionic strength solution.  However, as MWNT used in this study 
has a very high aspect ratio (diameter ranges from ca. 10 to 20 nm and length ranges 
from ca. 10 to 30 µm) it is difficult to quantitatively analyze the zeta potential of MWNT.  
The effect of pH was less obvious than that of ionic strength, although electrostatic 
stabilization of NOM-MWNT agglomerates would be more efficient due to the 
deprotonation of NOM at higher pH and experimental data showed slight increase in 
CMWNT at higher pH for the same qe.   
 
Environmental Significance.  The results of this study suggested that the environmental 
fate of MWNT will be largely influenced by the amount and the type of NOM as well as 
solution chemistry such as ionic strength and pH.  Other water quality parameters such as 
divalent ions and inorganic composition, which were not examined in this study, might 
play a critical role in determining the degree of NOM-MWNT interaction.  For natural 
waters from different sources with different characteristics, the aromatic content and 
molecular weight distribution of NOM might be useful parameters to predict the extent of 
NOM adsorption and level of MWNT dispersion.  Even though a wide range of NOM 
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concentrations (2.5 to 50 mg C/L) was investigated, it is noted that NOM concentrations 
in some natural surface and ground waters are lower than concentration levels used in this 
study.  Therefore, further study with actual surface and ground waters with relatively low 
NOM contents might be necessary for a comprehensive understanding of interaction 
between NOM and MWNT. 
 
In some aspects, NOM adsorption to MWNT was similar to that to activated 
carbon, i.e., occurrence of preferential adsorption and fitting to the Freundlich adsorption 
isotherm model.  However, difference in physical structure of MWNT and activated 
carbon led to a few key differences in adsorption behavior such as preferential adsorption 
of higher molecular weight NOM onto MWNT.  Understanding both similarities and 
differences between well-characterized activated carbon adsorption and MWNT 
adsorption should be helpful to understand not only the fate of MWNT in natural waters 
but also that of other carbon based nanomaterials such as single-walled carbon nanotubes 
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Figure 4.S1.  Isotherm experimental result and Freundlich adsorption model fit for (a) 
SRHA, (b) SRFA, (c) ESHA, (d) LHA, (e) NLHA, (f) NLFA, (g) WPHA, and (h) WPFA. 
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Figure 4.S4. Effect of (a) ionic strength (at 22 
o
C, pH 7.0, [NaH2PO4] = 1 mM) and (b) 
pH (at 22 
o
C, [NaCl] = 5 mM, [NaH2PO4] = 1 mM) on the amount of MWNT suspended 





Table 4.S1. Carbon Distribution and Elemental Composition of NOMs Investigated in This Study. Data Are Excerpted from 
International Humic Substances Society (IHSS) webpage (www.ihss.gatech.edu).   
  Carbon Distribution   Elemental Composition 
 Carbonyl Carboxyl Aromatic Acetal Heteroaliphatic Aliphatic  H2O Ash C H O N S 
SRHA 6 15 31 7 13 29  20.4 1.04 52.63 4.28 42.04 1.17 0.54 
ESHA 6 18 50 4 6 16  8.2 0.88 58.13 3.68 34.08 4.14 0.44 
LHA 8 15 58 4 1 14  7.2 2.58 63.81 3.7 31.27 1.23 0.76 
SRFA 5 17 22 6 16 35  16.9 0.58 52.34 4.36 42.98 0.67 0.46 
NLHA 10 19 38 7 11 15  9.1 0.31 53.33 3.97 43.09 1.16 0.58 
WPHA 8 18 42 6 8 18  6.93 1.6 54.72 4.04 38.54 1.47 0.36 
NLFA 10 24 31 7 12 18  9.2 0.45 52.31 3.98 45.12 0.68 0.46 
WPFA 7 19 36 6 12 20  8.29 0.16 53.63 4.24 41.81 1.07 0.29 





















Table 4.S2. Conditions for Adsorption Experiments. 
Effect of NOM Type   
C0: 2.5, 5, 10, 25, 50 mg/L   
D: 250, 500, 1000 mg/L   
22 
o
C, pH=7.0, [NaCl] = 5 mM, [NaH2PO4] = 1 mM 
     
Effect of Water Quality (Ionic Strength)  
C0: 2.5, 5, 10, 25, 50 mg/L   
D: 500 mg/L   
22 
o
C, pH 7.0, [NaH2PO4] = 1 mM  
     
Effect of Water Quality (pH)    
C0: 2.5, 5, 10, 25, 50 mg/L   
D: 500 mg/L   
22 
o








COMPARATIVE STUDY ON THE DISPERSION OF FULLERENES  




Dispersivity of representative fullerenes such as C60, single-walled carbon nanotube 
(SWNT), and multi-walled carbon nanotube (MWNT) in the aqueous phase containing 
model natural organic matter (NOM) was investigated.  Four dispersion methods were 
tested (i.e., mechanical mixing or sonication after either adding solid phase fullerenes 
into the aqueous phase or contacting organic phase containing fullerenes with the 
aqueous phase) to simulate possible spillage scenarios to the aqueous environment.  The 
experimental results showed that MWNTs formed water stable suspensions by the 
mechanical mixing and sonication and SWNTs by the sonication, only when they were 
added as solids directly to water containing NOM.  C60 formed water stable colloidal 
suspensions in all cases except when solids were added to water and ultrasound was 
applied.  In most cases, the presence of NOM facilitated the fullerene dispersion in the 
aqueous phase.  However, when C60 entered the aqueous phase via organic solvent, NOM 
appeared to retard the interphase transport.  The results suggest that the fate of carbon 
nanomaterials in the aqueous environment would be greatly affected by the types of 
fullerenes and the characteristics of natural water as well as the routes of introduction to 





Carbon fullerenes such as C60 and carbon nanotubes (CNTs) have been at the center of 
recent prosperity in nanoscale science and engineering.  C60 consists of 60 carbon atoms 
arranged in 20 hexagons and 12 pentagons that form a perfectly symmetrical cage 
structure with a dimension of a soccer ball of size ca. 1 nm.   Similarly arranged, other 
carbon cage structures such as C70, C76, C78, C84, and C90 have been also identified.  CNTs, 
on the other hand, consist of sheets of carbon atoms covalently bonded in hexagonal 
arrays that are seamlessly rolled into a hollow, cylindrical shape with both ends rounded 
through pentagon ring inclusions.  They present a highly flexible thread-like structure 
having an extremely high aspect ratio with the diameter ranging from 1 to 200 nm and 
length from 0.1 to 100 µm.  The CNTs are categorized into two main species; single-
walled carbon nanotube (SWNT) and multi-walled carbon nanotube (MWNT).  The latter 
results from co-axial assembly of multiple SWNTs.  In contrast to C60, CNTs represent a 
mixture of molecules with different lengths and carbon arrays.  With increasing 
commercial interest in unique chemical and physical properties, manufacture and use of 
fullerenes are expected to grow rapidly over the next decade [1-3]. 
     
However, information to assess the effects of these materials on natural 
environment and human health is scarce, like many other engineered nanomaterials.  
Concerns have intensified due to the findings that fullerenes can interact with living 
organisms and cause toxic effects that are unique to this class of materials [4-7].  For 
instance, SWNT showed higher pulmonary toxicity than quartz, a well known industrial 
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hazards [4, 5], and C60 showed cytotoxicity inhibiting cell growth [6, 8, 9].  Such findings 
carry an additional significance as fullerenes have been found in particulate matter 
emitted from coal-fueled power plants [10], common fuel-gas combustion source [11, 12], 
and even in nature, although sporadically in small masses [13, 14].  Many studies are 
currently being conducted to evaluate toxicological effects of fullerenes as well as other 
nano-scale engineered materials. 
 
An equally important environmentally relevant issue as the toxicological effect is 
the fate and transport of the fullerenes in natural environment and potential exposure 
pathways.  As the fullerenes are extremely hydrophobic and virtually non-wettable, they 
have not been generally considered as potential contaminants in the aqueous environment.  
However, a recent discovery that C60 forms stable, nano-scale colloidal aggregates 
(commonly referred to as nano-C60 or nC60) upon release to water has redefined our view 
on its impact on the aqueous environment [8, 15].  It was suggested that the stability of 
these colloids might be even enhanced in natural water due to the steric stabilization by 
natural organic matter (NOM) that interacts with these colloids [16].  Furthermore, our 
recent study [17] suggested that MWNTs could be readily stabilized and suspended in 
natural water due to their association with NOM.     
 
In this study, we performed a systematic, comparative investigation on the 
dispersion of representative fullerenes, C60, SWNTs and MWNTs, in model natural 
waters.  Specific objectives of this study include evaluating the dispersivity of the 
fullerenes under different spillage scenarios to water body, (i.e. the spillage of solid phase 
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fullerenes or fullerenes dissolved in common organic solvents) and understanding the 
role of NOM on fullerene dispersion under these scenarios.  Different spillage scenarios 
were simulated by 1) applying either mechanical mixing or sonication after directly 
adding solid phase fullerenes into the aqueous phase and 2) applying either mechanical 
mixing or sonication after contacting organic solvent containing fullerenes with the 
aqueous phase.  Ultrasound, while unlikely in natural environment, was applied to 
evaluate ultimate dispersion potential of the fullerenes under the extreme conditions.  
Suwannee River natural organic matter (SR-NOM) was used as a model NOM and 
sodium dodecylsulfate (SDS), an anionic surfactant commonly used for the fullerene 

















Materials.  C60 with over 99% purity and MWNTs (140 ± 30 nm diameter and 7 ± 2 µm 
length) with over 90% purity were obtained from MER Corporation (Tucson, AZ).  
Purified SWNTs (0.8-1.2 nm diameter and 0.1-1 µm length) with less than 15% ash 
contents were purchased from CNI (Houston, TX).  ACS grade (>99% purity) SDS 
(CH3(CH2)11OSO3Na) was obtained from Aldrich Chemical Company (Milwaukee, WI). 
SR-NOM stock solution was prepared by mixing a known amount of SR-NOM 
(International Humic Substances Society, St. Paul, MN) with ultrapure water for 24 hours.  
Dissolution of SR-NOM was facilitated by adding 1 N potassium hydroxide (KOH) to 
increase the solution pH to 7.  After dissolution, the solution pH was lowered to the 
original value by adding 1 N nitric acid (HNO3).  The concentration was measured using 
total organic carbon (TOC) analyzer (TOC-Vw, Shimadzu, Columbia, MD).  This stock 
solution was diluted to prepare solutions of target carbon concentrations (5 mg C/L and 
50 mg C/L).  Ultrapure water produced by a Milli-Q water filtration system (Millipore, 
Billerica, MA) was used for the preparation of all the solutions.   
 
1-Phase Mixing (1-M).  5 mg of solid MWNTs were added to 100 mL of ultrapure water, 
5 mg C/L SR-NOM solution, 50 mg C/L SR-NOM solution, and 1% SDS solution (i.e. 
50 mg MWNT/L in each solution), respectively, and the suspensions were vigorously 
mixed for 1 day.  After 4 days of quiescent settling, the supernatant (ca. 60% of total 
volume) was filtered with a Whatman 541 filter (20-25 µm nominal pore size, Florham 
Park, NJ) and further analyses were performed with the filterate.  SWNTs and C60 
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samples were prepared by the same procedure except 50 mg/L of solid SWNTs and C60 
were mixed for 4 weeks and the supernatants were filtered by a VWR 453 filter (10 µm 
nominal pore size, Suwannee, GA).  This preparation procedure is referred to as 1-M in 
this study. 
 
1-Phase Sonication (1-S).  5 mg of solid phase fullerenes (i.e., C60, SWNTs, and 
MWNTs) were added to 50 mL of ultrapure water, 5 mg C/L SR-NOM solution, 50 mg 
C/L SR-NOM solution, and 1% SDS solution (i.e. 100 mg/L of fullerenes in each 
solution), respectively, and the mixture was sonicated at 400 W for 10 minutes using a 
Misonix XL2020 cuphorn sonicator (Farmingdale, NY).  After 4 days of quiescent 
settling, the supernatant of MWNT suspension was filtered with a Whatman 541 filter for 
further analyses.  Supernatants of SWNT and C60 suspensions were filtered with a VWR 
453 filter.  This preparation procedure is referred to as 1-S in this study. 
 
 2-Phase Mixing (2-M).  MWNTs and SWNTs were dissolved in 1,3-dichlorobenzene 
(DCB) (Aldrich Chemical Company, Milwaukee, WI), a commonly used solvent for the 
nanotubes [18] by sonicating 50 mg of each nanotube in 100 mL DCB for 10 minutes and 
filtering the solutions using a 10 µm VWR 453 filter.  A solution of 500 mg/L C60 in 
toluene (Aldrich Chemical Company, Milwaukee, WI) was prepared by mixing dry C60 in 
toluene for 6 hrs.  An aliquot (20 mL) of each fullerene solution in the organic solvent 
was added to an 125 mL Erlenmeyer flask containing 100 mL of various aqueous 
solutions (i.e., ultrapure water, 5 mg C/L  SR-NOM solution, 50 mg C/L SR-NOM 
solution, and 1 % SDS solution) and agitated for 1 week.  After 3 days of quiescent 
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settling and phase separation, aqueous phase was carefully taken and purged with 
99.999% purity N2 (NI UHP300, Airgas Inc., Randor, PA) for 3 hours to remove residual 
organic solvents (DCB or toluene).  This preparation procedure involving mixing of two 
solvent phases is referred to as 2-M in this study. 
 
 2-Phase Sonication (2-S). The same procedure as 2-M was followed except 10 minutes 
of sonication was applied instead of 1 week of mixing. This preparation procedure 
involving sonication of two solvent phases is referred to as 2-S in this study. 
 
Analysis.  Concentrations of nanotubes suspended in the aqueous phases were determined 
using a thermal optical transmittance (TOT) analyzer (Sunset Laboratory, Tigard, OR).  
The TOT measures the concentration of nanotubes in a solution containing both 
nanotubes and NOM based on difference in the thermal stability of elemental carbons 
(i.e., nanotubes) and organic carbons (i.e., NOM).  Details of the analytical principle and 
experimental protocols are described in our previous work [17].  Briefly, an MWNT 
specimen for the TOT analysis was prepared by retrieving the MWNTs from a known 
volume of an aqueous phase using a 0.3 µm Pallflex 2500 quartz filter (Pall Corporation, 
Ann Arbor, MI).  In contrast to the MWNTs, SWNTs in aqueous phase could not be 
entirely retained by the filtration since some of the SWNTs might be smaller than pore 
size of the Pallflex 2500 quartz filter.  Hence, an SWNT specimen for the TOT analysis 
was prepared by dropping a small amount of an SWNT suspension on a rectangular-
shaped 1.45 cm
2
 quartz filter and drying in a 90 
o
C oven for several hours and repeating 
the procedure until the sufficient amount of the SWNT solution was dried upon the filter 
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surface.  A C60 specimen for the TOT analysis was prepared by the same procedure with 
the SWNTs.  The particle size of C60 aggregates dispersed in the aqueous phase was 
analyzed using a Zetasizer ZS90 (Malvern Instruments, Worcestershire, UK) with the 
dynamic light scattering (DLS) method.  Electron microscopic images were analyzed by 
a Philips 120 transmission electron microscope (TEM) (New York, NY).  A TEM 
specimen was prepared by placing a droplet of fullerene suspension on a copper carbon 
grid (Electron Microscopy Science, Hatfield, PA) and drying overnight at room 
temperature.  UV-Vis absorbance of the fullerene suspension was measured by an 
















Results and Discussions 
 
Solid MWNTs were readily dispersed in SR-NOM and SDS solutions by mechanical 
mixing (i.e. 1-M) or sonication (i.e. 1-S) (Figure 5.1).  The resulting suspensions were 
stable for more than a month.  In contrast, the MWNTs in ultrapure water settled down 
quickly regardless of preparation methods.  MWNT suspensions with 5 mg C/L or 50 mg 
C/L SR-NOM appeared darker and looked more turbid than 1% SDS solution, implying 
that higher concentration of MWNTs might be suspended in the SR-NOM solutions.  
These findings from 1-M were consistent with our previous study [17].  However, the 
MWNTs were not dispersed in the aqueous phase when they were introduced via the 
organic solvent (i.e. 2-M or 2-S) (results not shown).    The MWNTs are expected to have 
very high affinity with the organic solvent compared to water due to their extremely 
hydrophobic nature.  This might hinder partitioning of the MWNTs from the organic 
phase to the aqueous phase and result in negligible dispersion of the MWNTs in aqueous 
phase by the phase exchange methods (2-M or 2-S).   
 
 The TEM images of MWNTs in SR-NOM solutions (Figures 5.2a and 5.2b) 
clearly indicate that most of the MWNTs were individually dispersed.  In contrast to the 
MWNTs in the aqueous suspension prepared by 1-M (Figure 5.2a), most MWNTs  by 1-
S appeared shorter than manufacturer’s specifications (Figure 5.2b).  It has been reported 
that sonication produces shorter and more stable nanotubes by the fragmentation of the 
nanotubes in the organic solvents or aqueous solutions [19-21].  This was also consistent 
with the result that the concentration of the MWNTs suspended in water was higher when  
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MWNT by 1-M                                             MWNT by 1-S 
          
 
SWNT by 1-S                                              C60 by 1-M 
          
 
C60 by 2-M                                                         C60 by 2-S 
          
 
 
Figure 5.1. Visual examination of fullerenes in (a) Milli-Q water, (b) 1% SDS solution, 
(c) 5 mg C/L SR-NOM solution, and (e) 50 mg C/L SR-NOM solution prepared by 
various preparation methods.  5 mg C/L and 50 mg C/L SR-NOM solutions without 









     
  (a)           (b)  
     
  (c)            (d) 
     
  (e)                                                      (f) 
 
Figure 5.2. Transmission electron microscopy images of fullerenes stabilized in SR-NOM 
solutions produced by various preparation methods. (a) MWNT by 1-M, (b) MWNT by 
1-S, (c) SWNT by 1-S, (d) C60 by 1-M, (e) C60 by 2-M, and  (f) C60 by 2-S. 
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sonication was applied.  The TOT measurement showed that, 3.3 mg/L and 5.3 mg/L of 
the MWNTs were suspended in 5 mg C/L and 50 mg C/L SR-NOM solution, respectively, 
by 1-M.  In contrast, 7.3 mg/L and 9.1 mg/L of the MWNTs were suspended in 5 mg C/L 
and 50 mg C/L SR-NOM solutions, respectively, by 1-S.  It was also noteworthy that, for 
both preparation methods, the concentrations of the MWNTs suspended in the SR-NOM 
solutions increased as the SR-NOM concentration increased.   Increase in UV-Vis 
absorbance over entire wavelength (i.e. baseline increase) suggested light scattering by 
the stabilized MWNTs in the SR-NOM solutions (Figure 5.3) and appeared to be 
proportional to the concentration of the MWNTs measured by the TOT.  SWNTs were 
not dispersed in the aqueous phase by simple mixing (1-M) under the experimental 
conditions investigated in this study.  Phase exchange methods (2-M or 2-S) also did not 
produce aqueous suspensions of the SWNTs.  However, significant amount of the 
SWNTs were dispersed in the SR-NOM or SDS solutions when sonication was applied to 
mixture of dry phase SWNT and water (1-S) (Figure 5.1).  The SWNT suspension in the 
SR-NOM solution exhibited a transparent dark brown color.  Even though a small portion 
of the SWNTs gradually precipitated as time elapsed, most of them remained suspended 
for several months.  The TEM analysis showed randomly dispersed hairy images of the 
SWNTs (Figure 5.2c).  The TOT analysis suggested that the concentrations of SWNTs 
suspended in the SR-NOM solution increased as the SR-NOM concentration increased, 
i.e. 2.19 mg/L and 9.10 mg/L of the SWNTs were stabilized in 5 mg C/L and 50 mg C/L 
solutions, respectively.  However, the SWNTs in SDS solution could not be measured by  
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Figure 5.3. UV-Vis spectra of MWNT suspensions in various aqueous phases prepared 












and SDS concentrations.  In each specimen, there existed more than three orders of 
magnitude difference in the SDS and SWNT concentrations (based on carbon content) 
such that the concentration of SDS exceeded the upper detection limit of the TOT before 
the SWNTs reached measurable concentration   However, comparison of the solution 
darkness (Figure 5.1) and increase in the UV-Vis spectrum baseline (Figure 5.4) 
indicated that more SWNTs might have been suspended in the 1% SDS solution than in 
the 50 mg C/L SR-NOM solution.   
 
The above findings suggest a distinct difference between MWNTs and SWNTs 
when they are introduced to the aqueous phase.  Only when both MWNTs and the 
SWNTs were introduced into water as a solid form, the MWNTs were dispersed in the 
aqueous phase by mixing and sonication and SWNTs by sonication.  This difference in 
solubility might originate from the difference in the strength of intermolecular attractive 
forces among the nanotubes.  Both MWNT and SWNT are extremely hydrophobic and 
prone to aggregate as a result of strong van der Waals force between molecules, which 
increases as surface area increases [22, 23].  However, the SWNTs have higher specific 
surface area per unit volume than MWNTs due to their much smaller diameter (generally, 
the diameters of the MWNTs range from ca. 10 to 100 nm, while the diameters of 
SWNTs are less than a few nanometers) and, therefore, would be subject to higher 
attractive forces among individual tubes.  The higher intermolecular attractive forces 
might prevent individual SWNT from being separated and dispersed by the simple 
mechanical mixing.  In contrast, the sonication appeared to provide sufficient energy to 
overcome the molecular interaction among SWNT.  It is noteworthy that sonication alone  
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did not disperse SWNTs nor MWNTs in the absence of SR-NOM or SDS.  The SWNTs 
are known to be dispersed by the sonication in the presence of various surfactants such as 
sodium dodecylsulfate (SDS) [23-27], sodium dodecylbenzene sulfonate (SDBS) [20, 26], 
and Triton X [26, 27].  These surfactants adsorb onto the surface of the nanotubes and 
stabilize them by inducing electrostatic and steric stabilization [20, 24] and providing 
thermodynamically more favorable surfaces.  The similar mechanism is expected for the 
dispersion of the SWNT by SR-NOM from sonication.   
 
 In contrast to the CNTs, C60 formed stable suspensions by mixing solid C60 with 
all the aqueous phases (i.e., ultrapure water, 5 mg C/L SR-NOM solution, 50 mg C/L SR-
NOM solution, and 1% SDS solution)  (Figure 5.1), consistent with the previous findings 
[9, 28, 29].  However, solid C60 were not dispersed in any aqueous solutions by 
sonication (1-S).  Characteristics of the C60 suspension produced by 1-M were consistent 
with those of the nC60 reported in the literature [8, 9, 15].  All aqueous suspensions 
prepared by 1-M showed characteristic orange-yellow color of the nC60 suspension [8, 
30], while the intensity of the color varied depending on the aqueous phase.  The TEM 
analysis suggests that most C60 aggregates existed as oval or circular shapes in cross 
section and were surrounded by SR-NOM (Figure 5.2d), while the possibility that the 
agglomerates of SR-NOM and the C60 aggregates were formed during the drying process 
could not be ruled out.  Average diameters of the C60 aggregates prepared by 1-M and 
measured by the DLS (Figure 5.6a) ranged from ca. 380 nm (C60 in 50 mg C/L SR-NOM 
solution) to 580 nm (C60 in 5 mg C/L SR-NOM solution) and matched well with the 
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Figure 5.5. UV-Vis spectra of C60 suspensions prepared by (a) 1-M, (b) 2-M, and (c) 2-S.  
These spectra were obtained after subtracting the spectra of SR-NOM only solution from 
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 Average diameter 
(nm) 
DI 1% SDS 
5 mg C/L 
SR-NOM 
50 mg C/L 
SR-NOM 
1-M 473.54 524.91 581.93 378.45 
2-M 168.54 123.14 188.61 249.62 
2-S 154.14 53.13 125.03 128.32 
  
Figure 5.6. Size distribution and average diameter of nC60 prepared by (a) 1-M, (b) 2-M, 
and (c) 2-S. 
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 Figure 5.5a shows UV-Vis spectra of C60 suspensions prepared by 1-M.  Spectra 
of the C60 suspensions in the SR-NOM solutions were presented after subtracting the 
spectra of SR-NOM only solutions from the original spectra.  UV-Vis absorbance of all 
C60 suspensions showed characteristic absorption peaks of solvated C60, which generally 
located between 330 and 360 nm [8, 9] (Figure 5.5a).  Peaks were red-shifted, which 
appears to be due to the existence of aggregate forms of C60 [8].  Broad band absorption 
at 400 to 500 nm also indicates the presence of aggregate forms of C60.  However, these 
spectra were considered inappropriate for quantification of C60 in the aqueous solutions, 
since a portion of SR-NOM which adsorbed onto nC60 might contribute to the overall 
absorbance differently from SR-NOM freely solubilized in the aqueous phase.  In 
addition, baseline increase over entire wavelength, which was not related to the light 
absorption by C60, was apparent in these spectra.  During nC60 preparation by 1-M, 
portions of black C60 powders did not rearrange into crystalline nC60 and remained 
suspended in the solution.  They were presumably further stabilized through the 
interaction with SR-NOM, and passed through the 10 µm filters.  These black carbon 
powders might have scattered incident light and resulted in transmittance loss over entire 
wavelength, similar to the CNTs.  Rough estimation of absorption intensity at 360 nm by 
subtracting this baseline (i.e., absorbance at 800nm) from the original spectrum showed 
that the absorption intensity at 360 nm of the C60 suspensions in the 50 mg C/L SR-NOM 
solution (ca. 0.156) was higher than that in the ultrapure water (ca. 0.064).   This 
suggests that SR-NOM might enhance the dispersion of C60 in the aqueous phase, 
probably following the similar mechanism for the nanotube stabilization by the NOM 
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discussed previously (i.e., enhanced steric stabilization and charge repulsion provided by 
the adsorbed SR-NOM).   
 
Stable C60 suspensions were readily obtained by both phase exchange methods 
(i.e. 2-M and 2-S).  During these processes, the aqueous phases gradually acquired 
characteristic orange-yellow color of the nC60 suspension (Figure 5.1), as C60 transferred 
from the organic phase into the aqueous phase.  C60 suspensions in the aqueous phase 
were stable for several months.  The diameters of C60 aggregates generated from 2-M and 
2-S were much smaller than those produced by the 1-M according to the DLS analysis 
(Figure 5.6b and 5.6c).  The average diameters of the C60 aggregates generated by 2-M 
ranged from ca. 120 to 250 nm and those by 2-S from ca. 50 to 150 nm.  In general, 
average particle sizes of the C60 suspensions produced by 2-M were slightly larger than 
those generated by 2-S.  TEM images (Figure 5.2e and 5.2f) showed circular or oval 
shaped C60 aggregates surrounded or connected by NOM.  The diameters of C60 
aggregates measured by the DLS matched well with the size of C60 aggregates observed 
in the TEM images.   
 
All the C60 suspensions prepared from the both methods (2-M and 2-S) showed 
UV-Vis absorption peaks at 360 nm as well as broad band absorption between 400 to 500 
nm (Figures 5.5b and 5.5c), confirming the existence of nC60.  For the C60 suspensions 
produced by 2-M, it was notable that the intensity of UV-Vis absorbance at 360 nm (after 
subtracting the absorbance of the background SR-NOM solution) decreased significantly 
as the SR-NOM concentration increased.   This result was contrary to other cases in this 
 120 
study in which SR-NOM enhanced the dispersion of carbon nanomaterials (SWNT, 
MWNT, and C60 by other preparation methods).   In case of 2-M, the SR-NOM at the 
interface of the organic solvent and the aqueous phase might hinder the interphase 
transport of C60.  SDS also appeared to retard the transport of C60 from the organic phase 
to the aqueous phase (i.e. compared to DI), but to a much less extent than SR-NOM, 
when compared under the same carbon concentration basis (50 mg C/L SR-NOM versus 
ca. 5,000 mg C/L SDS).  In contrast, for C60 suspensions prepared by 2-S, UV-Vis 
absorbance at 360 nm increased as the SR-NOM concentration increased suggesting the 
enhanced dispersion of C60 in presence of SR-NOM.  For 2-S, SR-NOM also showed 
better C60 stabilization capability than SDS, when compared under the same carbon 
concentration basis.  This suggests that the hindrance of interphase transport by SR-NOM  
and SDS at the organic solvent-water interface is eliminated by ultrasound application. 
 
As UV absorbance was not appropriate to accurately quantify the amount of C60 
dispersed in the aqueous phase due to the presence of NOM and C60 powders, the TOT 
analysis was attempted.  Even though the TOT was proven effective to measure SWNT 
and MWNT concentrations in SR-NOM solutions, C60 (elemental carbon) could not be 
differentially measured from SR-NOM (organic carbon) by the TOT, i.e. the elemental 
carbon peak was not detected in the samples containing both C60 and SR-NOM.  This was 
attributed to a relatively low sublimation temperature of C60 [31, 32].  The TOT analysis 
proceeds in two distinct stages [33].  In the first stage, temperature increases up to 820 
o
C 
in He atmosphere to volatilize organic carbon (OC) which is then oxidized to CO2 via 
granular MnO2 at 900 °C.  CO2 is subsequently reduced to CH4 by a Ni/firebrick 
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methanator at 450 °C and quantified by a flame ionization detector (FID).  In the second 
stage, temperature is again raised stepwise in O2 (10%) and He (90%) mixed atmosphere 
to oxidize elemental carbon (EC) and EC concentration is measured with FID after 
reduction to CH4.  However, it has been reported that C60 sublimes under Ar and N2 
atmospheres at 400 [31] and 550 
o
C [32], respectively.  Similarly, C60 (EC) sublimed in 
the first stage of the TOT analysis along with organic carbon making differential 
combustion impossible.   
 
 The role of NOM on the stability of various fullerenes is summarized in Table 5.1.  
Only in the presence of NOM, the MWNTs were relatively easily stabilized in water 
when it was introduced as solid phase (1-M and 1-S).  The solid phase SWNTs could be 
stabilized in the presence of the NOM but requires a relatively high energy (sonication) 
for dispersion (1-S).  For both nanotubes, transport from the organic solvent to the 
aqueous phase did not occur.  Compared to the nanotubes, C60 was readily dispersed in 
the aqueous phase whether the NOM was present or not.  However, the role of the NOM 
varied, as the NOM appeared to enhance the dispersion of C60 for 1-M and 1-S, while the 
NOM hindered the transport of C60 across the organic solvent-water interface in case of 
2-M.   
 
 The above findings collectively suggest that fullerene dispersion in the aqueous 
phase would be greatly influenced by the types of fullerenes and the spillage scenarios 




Table 5.1. Role of NOM on the Dispersion of Fullerenes in the Aqueous Phase. 
 1-M 1-S 2-M 2-S 











+     NOM enhances fullerene dispersivity 
–     NOM reduces fullerene dispersivity 




















suggest that findings from a selected model fullerene (e.g., MWNT or C60 ) should not be 
extrapolated to predict the behavior of other compounds in this general class of materials 
(i.e., carbon nanomaterials).  In addition, varying water quality parameters such as types 
and quantity of NOM, pH, ionic strength, and ionic composition might make laboratory 
findings oversimplified to represent complex environmental disposal scenarios.  Finally, 
the fullerenes might enter the natural environment as derivatized products (e.g., 
chemically modified or as composite materials) and their behaviors might be different 
from the parent materials.  Therefore, the further study with different types of fullerenes 
under various water quality parameters would be necessary to better understand the fate 
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Removal of water dispersed multi-walled carbon nanotubes (MWNT), C60 and 
hydroxylated C60 (fullerol) in conventional water treatment process was investigated from 
the jar test.  Effect of water quality parameters such as NOM concentration and alkalinity 
as well as operational parameters such as pH and coagulant dose was evaluated.  
Experimental results suggested that these carbon nanomaterials would be generally well 
removed by conventional water treatment processes under typical operating conditions.  
Sweep floc appears to be dominant mechanism for fullerenes removal and feed alkalinity 
and coagulation pH were important factors to determine the removal efficiency.  MWNT 
removal was found to be hindered by the presence of NOM, presumably due to the 
preferential interaction of metal coagulants with NOM and the enhanced stability of the 

















Fullerenes such as C60 and carbon nanotubes (CNT) have been at the center of recent 
prosperity in nanoscience and engineering.  C60 consists of 60 carbon atoms arranged in 
20 hexagons and 12 pentagons that form a perfectly symmetrical cage structure with ca. 1 
nm in size [1].  CNT, on the other hand, consist of sheets of carbon atoms covalently 
bonded in hexagonal arrays that are seamlessly rolled into a hollow, cylindrical shape 
with both ends rounded through pentagon ring inclusions [2].  CNT present a highly 
flexible thread-like structure having an extremely high aspect ratio with the diameter 
ranging from 1 to 200 nm and length from 0.1 to 100 µm.  CNT are categorized into two 
main species; single-walled carbon nanotube (SWNT) and multi-walled carbon nanotube 
(MWNT).  The latter result from co-axial assembly of multiple SWNT.  With increasing 
commercial interest due to their unique chemical and physical properties, production and 
use of fullerenes are expected to grow rapidly over the next decades [3-6]. 
 
However, concerns have risen due to recent findings that fullerenes can interact 
with living organisms causing toxic effects [4, 7-9].  For instance, SWNT showed higher 
pulmonary toxicity than quartz [10, 11], a well known industrial hazards, and C60 
exhibited cytotoxicity inhibiting humane and microbial cell growth [7, 12].  Considering 
recent studies that they might form water-stable suspension upon release to aquatic 
environment [13, 14], human exposure to these materials via water consumption will be 
strongly influenced by the behavior of these carbon based nanomaterials in drinking 
water treatment systems, the first line of defense against human exposure from the 
drinking water pathways.     
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The conventional water treatment process consists of a series of physicochemical 
processes, i.e., coagulation, flocculation, sedimentation, filtration and disinfection, to 
remove contaminants and inactivate pathogens in the source water.  Coagulation and 
flocculation processes destabilize particulate matter to form flocs that can settle in the 
subsequent sedimentation process.  Several mechanisms for the destabilization of the 
particles during the coagulation process have been suggested including electrical double 
layer (EDL) compression, charge neutralization, interparticle bridging, and sweep floc 
[15].  Among these, charge neutralization and sweep floc mechanisms are known to be 
the most relevant mechanisms of the particle destabilization during drinking water 
treatment [15].  Colloidal particles in the natural water are stabilized mainly due to the 
repulsion between their negatively charged surfaces.  However, upon the addition of the 
positively charged coagulants, the particles are destabilized due to the neutralization of 
the surface charge and subsequent reduction of the charge repulsion.  When a sufficient 
amount of metal salts, which would exceed the solubility of metal ions, are added into the 
water, amorphous metal hydroxides would form.  These metal hydroxide precipitates can 
destabilize the particles in the water by the entrapment (i.e. sweep floc).  The sweep floc 
is the dominant mechanism in most of the coagulation process utilizing aluminum sulfate 
and ferric chloride.  The dosage of aluminum salt or iron salt required for sweep floc 
typically does not depend on the types of particulates, but largely depends on the water 
quality parameters such as pH and alkalinity [16].  In the United States, aluminum sulfate 
(alum) is the most widely used coagulant [16].  For the alum coagulation, charge 
neutralization is dominant coagulation mechanism at low pH values and low alum 
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dosages, while the sweep floc dominates at high pH values and high alum dosages [17].  
In the current water treatment practice, alum dosages and pH generally range from 10 to 
150 mg/L and 5 to 8, respectively, depending on raw water quality [16]. 
 In this study, jar tests were performed using MWNT, C60 and hydroxylated C60 
(fullerol) as model fullerene compounds to investigate the behavior of water-stable 
fullerene suspensions in conventional drinking water treatment process.   Specifically, the 
effects of water quality parameters such as natural organic matter (NOM) concentration 
and alkalinity of feed solution as well as operation parameters such as pH and coagulant 
dose on the removal of these carbon nanomaterials were investigated. 
   
Experimental  
 
Materials.  MWNT (10-20 nm diameter × 10-30 µm length) with over 95% purity was 
obtained from the Cheap Tubes Inc. (Brattleboro, VT).  C60 (99.9%) and fullerol (C60 
(OH)22-24, polyhydroxyfullerene, 99%) were purchased from MER corporation (Phoenix, 
AZ).  Suwannee River natural organic matter (SRNOM) was obtained from the 
International Humic Substances Society (IHSS) (St. Paul, MN).   
 
Solution Preparation. SRNOM stock solution was prepared by mixing a known amount 
of SRNOM with deionized (DI) water for 24 hours.  Dissolution of SRNOM was 
facilitated by increasing solution pH to 7 using NaOH.  Aggregate forms of C60 which are 
stable in the aqueous phase (termed as nC60) were prepared by the modification of solvent 
exchange protocol by Lyon et al. [8].  Firstly, powdered C60 was dissolved in toluene at 
 132 
concentration of 200 mg/L.  After adding 200 mL of DI water into 50 mL of pink hued 
C60 in toluene solution, the two phase solution was mildly sonicated using a Bransonic 
5510R ultrasonicator (Danbury, CT) at output power of 135 W.  After overnight 
sonication, the aqueous phase changed to yellow color due to the interphase transport of 
C60 from toluene and subsequent formation of nC60.  The aqueous nC60 suspension was 
separated from toluene phase using a separation funnel and purged with high purity 
nitrogen gas (99.999% purity, NI UHP300, Airgas Inc., Randor, PA) for 3 hours to 
remove residual toluene.  MWNT stock was produced by adding 10 mg of dry phase 
MWNT in 100 mL of 50 mg C/L SRNOM solution and sonicating the solution with a 
Bransonic 5510R ultrasonicator at 135 W for 30 min.  After 2 days of quiescent settling, 
the solution was filtered with a Whatman 541 filter (20-25 µm nominal pore size, 
Florham Park, NJ) to remove MWNT not dispersed in SRNOM solution (i.e. MWNT 
aggregates).  50 mg/L of fullerol stock solution was produced by simple mixing with DI 
for 24 hours.  These nC60, MWNT, and fullerol stock solutions were diluted with DI 
and/or mixed with SRNOM stock solution for the further experiments.   
 
Jar Test.  Jar tests were performed Phipps and Bird Model 7790-400 Jar Tester using 250 
mL beakers containing 150 mL of test solutions (Richmond, VA).  Alkalinity and pH of 
each solution was adjusted using 0.1 M NaHCO3 and 0.1 N NaOH and 0.1 N H2SO4.  
After adding an aliquot of 10 g/L alum (Al2(SO4)3 ·18 H2O) (Aldrich, Milwaukee, WI) 
stock solution, the mixture was agitated at a paddle speed of 200 rpm for 2 min, followed 
by 30 min of slow mixing at 25 rpm.  After 1 hr of quiescent settling, the supernatant was 
carefully taken at the depth of approximately 10 cm from the surface using syringe for 
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further analyses.  After the sampling, pH was measured and recorded for the analysis of 
experimental results.  Filterability of flocs formed from the jar test was estimated by 
filtering the supernatant with a Whatman Grade No. 40 Quantitative Filter (Florham, NJ).  
 
Analysis.  Concentration of MWNT suspended in the aqueous phase was determined by a 
visible light absorbance at 800 nm (VIS800) (8453 UV-Vis Spectroscopy System, Agilent, 
Palo Alto, CA) after calibration using a Thermal Optical Transmittance (TOT) Analyzer 
(Sunset Laboratory, Tigard, OR).  In our previous study, the TOT analysis was proven to 
be accurate to measure the MWNT concentration in an NOM background solution [13].  
Concentrations of NOM and fullerol (in DI water) were measured by a Total Organic 
Carbon Analyzer (TOC-Vw, Shimadzu, Columbia, MD).  Concentration of C60 in DI was 
determined by an Agilent 8453 UV-vis Spectroscopy System (Palo Alto, CA) at 
characteristic absorption at 346 nm.  The concentration of C60 in toluene was analyzed 
using a 1100 series HPLC system (Agilent) equipped with a Zorbax 4.6×150 mm XDB-
C8 column (Agilent) and a Diode-Array Detector (DAD) at 333 nm wavelength.  The 
HPLC was operated using 40% acetonitrile and 60% toluene as an eluent at the flow rate 
of 1 mL/min and the injection volume of 0.1 mL.  The retention time of C60 was 3.15 min 
in this analytical condition.  The method detection limit of HPLC analysis was 0.15 mg/L 
and all the extraction experiments were duplicated.  Zeta potential of nC60 in aqueous 
suspension was analyzed by a Zeta Plus Zeta Potential Analyzer (Brookhaven 




Results and Discussion 
 
MWNT Removal. Experimental results shown in Figure 6.1(a) suggest that MWNT 
would be removed very well by coagulation/flocculation/sedimentation processes.  At the 
MWNT concentration of 1 mg/L in the feed solution with alkalinity of 100 mg/L as 
CaCO3 and SRNOM concentration of 2.5 mg C/L, up to 99.9 % removal of MWNT was 
obtained.  At the lowest coagulant dosage of 10 mg/L, only ca. 60 % removal of MWNT 
was obtained around pH 6.  However, when the coagulant dosage is higher than 25 mg/L, 
the removal of MWNT increases and, especially in the pH range of 6 to 7.5, it reaches 
more than 90% regardless of the coagulant dosage.  When the coagulant dosage was 100 
mg/L, the MWNT removal was more than 90% in the entire pH range of the investigation 
and was more than 99.9% in the pH range of 6 to 8.  Amirtharajah and Mills [18] 
developed coagulation diagram (pC-pH diagram) from the experimental results of the 
previous studies.  The removal of MWNT assessed in our study appears to match well 
with sweep coagulation zone of the coagulation diagram, suggesting the sweep 
coagulation might be the dominant mechanism of MWNT removal.  Considering this 
experimental result and the fact that a typical dosage of alum in practice ranges from 10 
to 150 mg/L [16], MWNT are expected to be effectively removed by the conventional 
water treatment process.  
 
The filterability of MWNT flocs in the supernatant was estimated by filtering the 
supernatant with a Whatman Grade 40 Quantitative Filter.  Whatman Grade 40 filter has 
been used for the simulation of a rapid granular media filtration in the conventional water  
 135 
pH
































































Figure 6.1. Jar test result with MWNT: (a) Removal of MWNT by coagulation, (b) 
Removal of MWNT coagulation/sedimentation/filtration, and (c) Removal of NOM 
(Initial MWNT concentration = 1 mg/L, Alkalinity = 100 mg/L as CaCO3, SRNOM 
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treatment process [16].  It evaluates the filterability of the flocs suspended in the effluent 
from sedimentation process.  The comparison of Figure 6.1(a) and Figure 6.1(b) revealed 
that, when the MWNT removal in the coagulation step was less than 60%, MWNT 
removal further increased up to ca. 20% by filtration.  However, when the removal in the 
coagulation step was higher than 80%, additional removal from the filtration was 
minimal.  This result suggests when MWNT removal is low during the coagulation 
process additional removal might be achievable by the rapid filtration.  During the 
coagulation of MWNT, SRNOM in the solution was removed as well (Figure 6.1(c)).   
When alum dosages were higher than 25 mg/L, more than 80% removal of SRNOM was 
obtained in the pH range of 5 to 8.  This level of dissolved organic carbon (DOC) 
removal in the presence of MWNT is considerably higher compared to DOC removal by 
coagulation reported in the literature.  For example, with 16 different source waters with 
wide range of NOM and alkalinity, Bell-Ajy et al. [19] reported less than 60% of DOC 
removal from the enhanced coagulation.  White et al. [20] reported that, among 31 
natural waters from a variety of sources, most of the waters showed less than 60% of 
NOM (DOC) removal from the enhanced coagulation.  It is possible that MWNT might 
participate in the coagulation process as an adsorbent and assist further removal of NOM.  
It is also known that SRNOM has higher molecular weight compare to NOM from typical 
natural water and therefore it might yield a better removal by coagulation.  However, the 
exact mechanism for the enhanced removal of NOM in the presence of MWNT is not 
clear and further investigation might be necessary. 
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The removal of MWNT was also affected by the alkalinity of feed water.  From 
the discussion in the previous paragraph, it is suggested that sweep floc would be a 
dominant mechanism for MWNT removal.  In the sweep floc mechanism, the formation 
of insoluble amorphous alum hydroxide, which would entrap and/or adsorb particles and 
settle down, is a key step to obtain high coagulation efficiency.  Alkalinity plays an 
important role on the formation of aluminum hydroxide precipitates and, if sufficient 
alkalinity does not exist, soluble aluminum can be formed which would reduce the 
efficiency of the particle removal [16].  Experimental results from this study are 
consistent with this argument and, for all pH and alum dosages, removal of MWNT 
generally increases, as the alkalinity of feed water increases (Figure 6.1(a) and 6.2).                                                                  
  
NOM dramatically changed the removal of MWNT during the coagulation 
process.  As the NOM concentration in the solution increased, less MWNT was removed 
by the coagulation/flocculation/sedimentation processes (Figure 6.3).  For example, at the 
SRNOM concentration of 2.5 mg C/L and the alum dosage of 25 mg/L, more than 80% 
removal of MWNT is achieved in the pH range of 6 to 7.5.  However, as the SRNOM 
concentration increased, the removal of MWNT decreased for all pH ranges.  When the 
SRNOM concentration in the solution was as high as 10 mg C/L, virtually no MWNT 
was removed.  This result might be due to the preferential interaction between NOM and 
the coagulant.  For instance, O’Melia et al. [21] suggested that metal coagulants 
preferentially bound with NOM and the coagulant dosage would be mostly determined by 
the NOM-metal ion interaction rather than particles (latex)-metal ions interaction.  Hence, 

































Figure 6.2. Removal of MWNT by coagulation at 50 mg/L as CaCO3 alkalinity (Initial 
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Figure 6.3. Effect of NOM concentration on MWNT removal (Initial MWNT 























addition of the coagulants, limiting the opportunity to destabilize MWNT-NOM 
complexes.  Furthermore, our previous study [22] shows that the adsorption of NOM 
provides MWNT with thermodynamically more favorable surfaces as well as steric and 
electrostatic stabilization and NOM adsorption to MWNT would be enhanced as the 
concentration of NOM in the aqueous phase increases. The enhanced stability of MWNT 
due to the NOM adsorption might hinder the removal of MWNT by the coagulation.   
 
Measurement of C60 Concentration in NOM Background Solution. nC60, stable 
aggregates of C60 in aqueous phase, exhibits characteristic peaks from UV-vis 
spectroscopy and concentration of C60 in DI can be measured by UV absorbance at 346 
nm [23].  However, the presence of NOM in the aqueous phase interferes with the 
measurement of C60 concentration by UV absorbance and a method to measure C60 
concentration in the NOM background need to be developed.  In the previous studies [24-
26], it was shown that the addition of salts, acids, and/or oxidants could destabilize 
aqueous nC60 suspension and C60 could be efficiently extracted to a toluene phase by 
vigorous mixing.  The extraction kinetics of C60 in the presence of NOM with three 
representative extraction agents (i.e., salt (KCl), mild oxidant (Mg(ClO4)), and acid 
(glacial acetic acid (GAA) (CH3COOH))) are shown in Figure 6.4.  In these experiments, 
the aqueous phase was prepared by spiking 5 mg/L of nC60 in 5 mg C/L SRNOM solution 
and adding 10 mM of each extraction agent.  An aliquot of 2.5 mL aqueous phase and 2.5 
mL toluene were added to a 12 mL test tube.  The tube was agitated for various hours in a 
rotary shaker at 200 rpm after capping the test tube.  After providing 1 hr for the 
separation of two layers, 0.5 mL of toluene phase was carefully taken for the HPLC 
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analysis.  At 10 mM of extraction agent concentration, Mg(ClO4)2 showed the fastest 
extraction kinetics with recovery reaching 100% in less than two hours.  KCl also 
exhibited relatively rapid extraction kinetics, but showed lower recovery (ca. 10%).  
GAA showed the slowest extraction kinetics among three extraction agents.  Effect of the 
concentration of the extraction agents on C60 recovery after 6 hr of agitation is shown in 
Figure 6.5.  At low concentration, Mg(ClO4)2 showed ca. 100% of C60 recovery, but the 
C60 recovery gradually decreased to less than 30% as the concentration of Mg(ClO4)2 
increased to 100 mM.  At high concentration of Mg(ClO4)2, the formation of emulsion, 
which is known to form from the presence of large amount of proteins, lipids, and 
surfactants found in the natural samples [25], at the interface was visually observed.  The 
emulsion might hinder the transport of C60 from the aqueous phase to the toluene phase.  
In contrast to Mg(ClO4)2, C60 recovery increased as concentrations of KCl and GAA 
increased and almost 100% recovery could be obtained when KCl and GAA 
concentrations are more than 50 mM.  For KCl and GAA, no emulsion formation was 
observed.  The presence of coagulant further aggravated the emulsion formation for 
Mg(ClO4)2.  When 25 mg/L alum was added to the solution, the C60 recovery decreased 
to 20% even with a low concentration of Mg(ClO4)2 (10 mM) (Figure 6.6).  However, the 
recovery by GAA was not influenced by the presence of alum, although a slight decrease 
was observed for the highest GAA dose.  In the previous study, GAA could suppress 
emulsion formation from the usage of Mg(ClO4)2 during C60 extraction [25].  However, 
the mixture of GAA and Mg(ClO4)2 still shows the reduced recovery suggesting limited 
role of GAA for enhancing the extraction efficiency in the presence of NOM and alum.  
The experimental result suggests that in the presence of NOM and/or coagulant, acids or  
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Figure 6.4. Extraction kinetics of C60 from different extraction agents (Extraction agent 
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Figure 6.5. Effect of the extraction agent concentration on the C60 recovery (without 
alum) (Extraction time = 6 hr, Initial C60 concentration = 5 mg/L, NOM concentration = 5 
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Figure 6.6. Effect of the extraction agent concentration on the C60 recovery (with alum) 
(Extraction time = 6 hr, Initial C60 concentration = 5 mg/L, NOM concentration = 5 mg 




























ionic salts might be a better choice for the extraction of C60 , while mild oxidants such as 
Mg(ClO4)2 , which has been used to destabilize nC60 in organic free water [23], might not 
be a good extraction agent due to the formation of emulsion.  
 
C60 Removal.  Jar test results with 1 mg/L C60 solution suggested that the removal of C60 
was largely dependent on water quality parameters and operating conditions.  When the 
alkalinity of feed water was 100 mg/L as CaCO3, C60 was removed relatively well at all 
pH and alum dosages.  More than 60% of C60 removal was achieved for all coagulant 
dosages when pH ranged 6 to 8 (Figure 6.7(a)).  In particular, when the alum dosage was 
100 mg/L, more than 60% of the C60 removal was achieved at all pH ranges and the 
removal reached up to 97% at pH between 7 and 8.  However, at lower alkalinity of feed 
water (50 mg/L as CaCO3), C60 was removed in the limited range of pH (pH 7 to 8) when 
alum dose was less than 75 mg/L (Figure 6.7(b)).  When alum dose was 100 mg/L, more 
efficient C60 removal was observed even at low alkalinity and especially more than 60 % 
removal was obtained in the pH range of 6 to 8.  The removal of C60 assessed in our study 
matched well with sweep coagulation zone of the coagulation diagram developed by 
Amirtharajah and Mills [18] and the sweep coagulation is also considered to be the 
dominant mechanism of C60 removal. 
 
The filterability of C60 flocs suspended in the supernatant after sedimentation is 
presented in Figure 6.7(c).  Generally ca. 20% increase in C60 removal was observed after 
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Figure 6.7. Jar test result with 1 mg/L C60: (a) Removal of C60 at alkalinity of 100 mg/L 
as CaCO3, (b) Removal of C60 at alkalinity of 50 mg/L as CaCO3, and (c) Removal of C60 
after coagulation/sedimentation/filtration at alkalinity of 50 mg/L as CaCO3.  
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removal by coagulation was already high (more that 60%), additional removal from the 
filtration was minimal.   
 
NOM appeared to hinder the removal of C60 during the coagulation.  In the 
absence of NOM, C60 removal was more than 60% at pH 5 to 8 (alkalinity = 100 mg/L as 
CaCO3 and alum dose = 25 mg/L) (Figure 6.8).  However, as SRNOM concentration 
increased, the range of pH for more than 80% of C60 removal became narrower.  When 
SRNOM concentration was 10 mg C/L, C60 removal higher than 80% was obtained only 
when pH ranges 5 to 6.  This result (i.e., decreased removal of C60 with increased NOM 
concentration) was similar to the experimental result from MWNT and the same 
explanation would be applicab 
le; preferential binding between NOM and metal coagulants and enhanced 
stability of C60 in the presence of NOM.  The enhanced stability of C60 in the presence of 
NOM is further investigated with zeta potential measurement of C60 suspension under 
different NOM concentrations.  Figure 6.9 shows zeta potential of C60 suspension at 
different pH and SRNOM concentration.  As the SRNOM concentration increased, the 
zeta potential of C60 shifted toward more negative values implying the enhanced stability 
of nC60 particles.   
 
The removal of representative fullerol species (C60(OH)24), derivatized and 
molecularly soluble form of C60, is investigated for the comparison purpose.  The fullerol 
is also known to be formed from the ozonation of C60 during the water treatment process 
[14].  Compared to C60, C60 derivatized with hydroxyl groups was more difficult to 
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remove by the coagulation (Figure 6.10) at the same water quality condition.  When the 
alum dosage was less than 25 mg/L, more than 80% of fullerol was removed only in a 
very narrow pH range of 7 to 8.  When alum dose was 100 mg/L and pH 5, the fullerol 
removal is ca. 45% and increases up to 98% (pH 7.5) as pH increased.  Even though C60 
and fullerol presented similar maximum removal by the jar test (ca. 97%), fullerol was 
removed in a much narrower pH range and the removal of fullerol was consistently lower 
than that of C60 at the same pH and alum dosage.  In contrast to C60 which exist as 
aggregates (nC60) in water, fullerol will suspend as molecular form.  In addition, the 
derivatization of hydroxyl groups on C60 might provide more hydrophilic surface which 
does not aggregate easily during the coagulation process.  This result implies that 
derivatization of fullerenes which has been applied to enhance dispersion of fullerenes in 
aqueous phase might reduce removal efficiency of fullerenes in water treatment process.  
The maximum removal of C60 and fullerol is relatively lower than that of MWNT 
(99.9%).  Better removal of MWNT might be originated from the larger particle size and 
uncharged surface of MWNT, which make MWNT favorable for aggregation during the 
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Figure 6.8. Effect of NOM concentration on C60 removal (Initial C60 concentration = 5 
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Figure 6.10. Removal of fullerol by coagulation (Initial fullerol concentration = 1 mg/L, 















The experimental results showed that, in the scenario of the fullerene spillage, the 
fullerenes would be well removed by the conventional water treatment process 
(coagulation – flocculation – sedimentation – filtration) in the general operation ranges of 
pH and alum dosage (pH 5.5 to 7.7 and alum dosage of 10 to 150 mg/L [16]).  However, 
the removal of these carbon nanomaterials is hindered by the presence of NOM 
presumably due to the preferential interaction between NOM and metal coagulants and 
the enhanced stability of the fullerenes from the NOM adsorption.  Water quality 
parameters such as pH and alkalinity are also important factors for the removal of 
fullerenes and, by adjusting those parameters, higher removal of the novel carbon 
nanomaterials might be achievable.  The removal efficiency of fullerenes would be also 
affected by other water quality parameters not investigated in this study such as 
particulate matters and ionic contents.  For instance, the existence of particulate matters 
can affect the removal of fullerenes.  The removal of fullerenes in the coagulation process 
follows the sweep floc mechanism, in which particle removal efficiency does not depend 
on the types of the particles, but the total amount of the particulate matters [16].  Hence, 
when the same amount of fullerenes is present, the existence of additional particulate 
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The following are the primary conclusions that are drawn from this dissertation: 
 
The stability of fullerenes in natural environments would be largely affected by 
their interaction with natural organic matter (NOM).  NOM adsorbed onto multi-walled 
carbon nanotubes (MWNT) can produce a stable and individual dispersion of MWNT in 
the aqueous phase.  Thermal optical transmittance (TOT) analysis was proven to be an 
effective method to measure MWNT concentration from an NOM background.   
 
NOM adsorption to MWNT was largely influenced by NOM characteristics.  
NOM adsorption to MWNT could be reasonably well represented by the adsorbent dose 
normalized Freundlich isotherm model, which has frequently used to describe aqueous 
phase adsorption phenomena.  Among various carbon groups in NOM, the aromatic 
group content exhibits a reasonable relationship with the adsorption capacity.  This result 
suggests the importance of π-π interactions during NOM adsorption to MWNT.  Water 
quality parameters such as pH and ionic strength also play an important role to NOM 
adsorption to MWNT.   
 
The amount of MWNT stabilized in the aqueous phase was dependent on the 
amount of NOM adsorbed onto MWNT as well as water quality parameters such as pH 
and ionic strength.  This result implies that the dispersion of MWNT into the natural 
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environment would be largely affected by the characteristics of NOM and the water 
quality parameters.  
 
Experimental results with representative fullerenes, C60, SWNT and MWNT, in 
model natural water suggested that dispersion of the carbon nanomaterials in the aqueous 
phase would be greatly influenced by the type of fullerenes and the spillage scenario.  
Specifically, MWNT formed water stable suspensions by the mechanical mixing and 
sonication, and SWNT formed water stable suspensions by the sonication, only when 
they were added as solids directly to water containing NOM.  C60 formed water stable 
colloidal suspensions in all cases.  In most cases, the presence of NOM facilitated 
fullerene dispersion in the aqueous phase.   
 
Coagulation experiments suggested that in the scenario of fullerenes release in 
water environments, fullerenes would be generally well removed by the conventional 
water treatment process.  The removal of these carbon nanomaterials was hindered by the 
presence of NOM presumably due to the preferential interaction of NOM with metal 
coagulants and the enhanced stability of the fullerenes from the NOM adsorption.  Water 
quality parameters such as pH and alkalinity were also important factors for the removal 
of fullerenes by the water treatment process and, by adjusting those parameters, higher 
removal of the novel carbon nanomaterials might be achievable. 
 
The experimental result in this study implies that the dispersion of fullerenes in 
aquatic environment can occur beyond the level predicted only based on its 
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hydrophobicity and NOM can play a critical role on the ultimate fate of these carbon 
based nanomaterials.  However, in the scenario of the fullerene spillage, it is expected 
that the fullerenes can be generally well removed by the conventional water treatment 
process.  The experimental result of this research is considered to provide useful insight 























The stability of derivatized fullerenes and their fate in water environments need to 
be investigated.  Fullerenes have been chemically modified to enhance their stability in 
the aqueous phase.   Thus induced functional groups include carbonyl, carboxylic and 
hydroxyl functional groups.   However, due to the derivaization, the characteristics of 
fullerenes can be altered.  Therefore the behavior of derivatized fullerenes in the water 
environments would be much different from that of fullerenes and their stability needs to 
be estimated under different water quality conditions.  In addition, their interaction with 
NOM needs to be assessed for the better understanding of their fate in the natural 
environment. 
 
Chapter 5 provides interesting observations regarding the removal of fullerenes in 
conventional water treatment processes.  However, the experiment was performed with 
model NOM compounds and the removal of fullerene species in actual river water needs 
to be investigated.  From the experiments with model NOM compound (SRNOM), this 
study suggests that fullerenes are expected to be relatively well removed by conventional 
water treatment processes.  However, the behavior of fullerenes in actual river water may 
be different from that in model NOM compound due to the presence of other colloidal 
species, different ion contents, and lower solubility of fullerenes.  Due to the limitation of 
laboratory scale experiment, pilot tests should be performed for an in-depth 
understanding of their removal in actual water treatment plants.  
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The removal of fullerenes derivatized with various functional groups in 
conventional water treatment processes also needs to be investigated.  As observed in the 
coagulation experiment result, derivatized fullerenes appear to exhibit different removal 
efficiencies compared to underivatized counterparts.  Further investigation on the 
behavior of C60 and derivatized CNT should be assessed for an in-depth understanding of 
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